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Vertebrate Paleontology and Evolution is the 
first detailed, authoritative review of the fos- 
sil record of vertebrates to be published in 20 
years. Distinguished paleontologist Robert L. 
Carroll provides complete, current data on all 
fossil groups, which he examines in the con- 
text of evolutionary processes and functional 
anatomy. The skeletal structure and way of 
life of the major groups are discussed, as are 
their interrelationships and distribution in 
time and space. This integrated approach 
provides a remarkably coherent analysis of 
the history of vertebrates through 600 million 
years of evolution. 

This extraordinary new work features 
more than 1700 illustrations, including 500 
newly drafted line drawings of the represen- 
tative members of all major vertebrate 
groups. Forty phylogenies and cladograms 
depict relationships among major groups. 

Significant discoveries and the formulation 
of new theories over the past two decades 
have vastly increased our knowledge of fossil 
vertebrates, especially of earlier forms from 
the Paleozoic and Mesozoic. Newly dis- 
covered forms of jawless fish, sharks, and 
amphibians are described here in full detail, 
as are the major transitions between amphibi- 
ans and reptiles, reptiles and mammals, and 
dinosaurs and birds. 

Carroll pays particular attention to sub- 
jects in which conflicting evidence has led to 
alternative hypotheses, such as the origin of 
vertebrates, the emergence of each of the 
major groups, and the cataclysmic extinction 
at the end of the Mesozoic. He also demon- 
strates the importance of functional anatomy 
in providing a deeper understanding of the 
nature and relationships of extinct organ- 
isms, and he comments at length on the 
resurgent concern over the methodology of 
classification. 

Vertebrate Paleontology and Evolution is a 
completely modern, up-to-date, and indis- 
pensable volume for all professional verte- 
brate paleontologists and students of geo- 
logy, biology, and evolutionary theory. 


“I am greatly impressed by the data pre- 
sented... Useful not only for students but for 
colleagues in the field as a resource.” 
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“A real tour de force: clearly written; com- 
prehensive and detailed without slipping into 
needless jargon; well-researched, up-to-date, 
and scholarly.” 

Leo Laporte, University of California, 

Santa Cruz 
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Last night in the museum’s hall 
The fossils gathered for a ball. 

There were no drums or saxophones, 

But just the clatter of their bones, 

A rolling, rattling carefree circus 
Of mammoth polkas and mazurkas. 
Pterodactyls and brontosauruses 
Sang ghostly prehistoric choruses. 

Amid the mastodonic wassail 
I caught the eye of one small fossil. 

Cheer up, sad world, he said, and winked 
It’s kind of fun to be extinct. 

Ogden Nash 

“Carnival of the Animals 


* Reprinted by permission of Curtis Brown, Ltd. Copyright 1950 by Ogden Nash. Renewed 1978 by Frances Nash. 





Vertebrate Paleontology and Evolution is intended as a 
comprehensive text for university courses in vertebrate 
biology and as a reference for biologists and geologists 
who want to become familiar with the pattern of verte- 
brate evolution. I hope that it also provides the necessary 
background for research into more specific details of the 
anatomy, relationships, and distribution of both fossil and 
living vertebrates. 

During the past 20 years, our knowledge of fossil 
vertebrates has increased immensely. Entirely new groups 
of jawless fish, sharks, amphibians, and dinosaurs have 
been discovered, and the major transitions between am- 
phibians and reptiles, reptiles and mammals, and dino- 
saurs and birds have been thoroughly studied. Evidence 
from both paleontology and molecular biology provides 
much new information on the initial radiation of both 
birds and placental mammals. This book integrates 
knowledge of the anatomy of extinct vertebrates to serve 
as the basis for understanding the origin and relationships 
of the modern orders. 

The past 20 years have also seen a revolution in the 
methodology of establishing relationships, and scientists 
have proposed many new theories regarding the factors 
controlling the rate and direction of evolution. The use 
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of the fossil record in determining the polarity and ho- 
mology of characters is emphasized throughout the book 
as a necessary step in establishing phylogenies. I describe 
numerous patterns of radiation that can be used to test 
current hypotheses regarding the processes and con- 
straints that govern the course of evolution. 

This book reflects the current direction of paleon- 
tological research by emphasizing functional anatomy and 
the interactions between extinct organisms and their en- 
vironment. In addition to considering the anatomy and 
way of life of each of the major vertebrate groups, I have 
paid special attention to transitions between groups. I 
have also focused on periods of vertebrate history during 
which the fossil record is sparse and the available evidence 
has led to conflicting hypotheses of relationship. 

I hope that this book will not only provide knowledge 
of our current understanding of the history of vertebrates 
but will also serve to stimulate further research into the 
many remaining problems of relationships and evolution- 
ary processes. 
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The history of vertebrates spans more than 500 million 
years, from their appearance in the Cambrian seas to the 
present rich and varied fauna. Their history is recorded 
in a sequence of fossils that documents their skeletal anat- 
omy, distribution, and evolutionary change. 

From the fossil record we can determine the inter- 
relationships of the modern species and trace the origin 
of the skeletal features that characterize each major group. 
The pattern of vertebrate evolution provides the best 
available evidence for determining the major processes of 
evolution: the origin of new structures, physiological pro- 
cesses, and adaptive strategies. Fossils document the rate 
of evolution and may enable us to establish the degree to 
which environmental, developmental, or other factors in- 
fluence its direction. 

This text will review the anatomy, relationships, and 
evolutionary patterns of the major groups of vertebrates 
from their differentiation in the early Paleozoic through 
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their last major radiation in the early Cenozoic. I will 
emphasize the way in which vertebrates have adapted to 
diverse environments and the challenges faced during ma- 
jor adaptive shifts. Particular attention will be paid to the 
earlier and previously less well-known forms that are fun- 
damental to understanding the origin of the anatomical 
and adaptive patterns of the modern groups. 

Vertebrate evolution is an interdisciplinary subject, 
involving aspects of geology, comparative anatomy, phys- 
iology, and evolutionary theory. 

Knowledge of geological processes helps one to un- 
derstand how vertebrates are preserved as fossils and why 
animals from different environments have different like- 
lihoods of being preserved. Evidence of changes in the 
patterns of the major land masses, mountain chains, oceans, 
and shallow seas helps us to explain the distribution of 
extinct vertebrates and to reconstruct the climates in which 
they lived. 

Know ledge of the skeletal anatomy of modern ver- 
tebrates is necessary for the study of the bones and teeth, 
which provide most of our information regarding extinct 
animals. Direct evidence of the soft anatomy of extinct 
genera is rarely preserved; nevertheless, an understanding 
of the basic patterns and functions of the muscular, cir- 
culatory, respiratory, reproductive, and nervous systems 
is necessary to appreciate their way of life. 

In addition to knowledge of adult anatomy, an un- 
derstanding of embryological structures and develop- 
mental processes will help in interpreting the possible di- 
rection of evolutionary changes and the origin of new 
structures. These geological and biological subjects will 
be covered briefly in Chapters One and Two. 

The term evolution as it appears in the title covers 
two distinct concepts. Throughout the text, vertebrate 
evolution is treated in the historical sense of changes in 
structure, function, and adaptation. Evolution may also 
be considered from the viewpoint of the underlying ge- 
netic changes and processes of selection and population 
dynamics that explain how these changes occur. The final 
chapter will be devoted to a consideration of structural, 
developmental, and environmental factors that help to 
explain the known patterns and rates of vertebrate evo- 
lution. 

The next twenty chapters will describe vertebrate his- 
tory as established from the fossil record and through our 
knowledge of living species. This story is by no means 
complete or entirely coherent. The early stages of verte- 
brate history are poorly known, and significant gaps still 
separate many major groups. This text will document our 
current knowledge of each group and discuss the problems 
of establishing their relationships and ways of life. Many 
aspects of vertebrate evolution remain contentious, and 
alternative viewpoints will be considered. 

Technical papers describing fossil vertebrates appear 
in many journals. Short notes on exceptionally important 
discoveries appear in Science and Nature. Longer descrip- 
tive papers are published in Journal of Vertebrate Pa- 


leontology, Journal of Paleontology, Palaeontology, Pa- 
laeontographica, Zoological Journal of the ! Anne an So- 
ciety, Philosophical Transactions of the Royal Society, 
and the publications of many universities and public mu- 
seum, for example, Bulletin of the American Museum, 
Bulletin of the Museum of Comparative Zoology, Har- 
vard. All literature through 1983 is cited in the Bibliog- 
raphy of Fossil Vertebrates, published by the Society of 
Vertebrate Paleontology, whose membership includes 
professional vertebrate paleontologists from all countries. 
The office of this society is currently associated with the 
Natural History Museum, 900 Exposition Boulevard, Los 
Angeles, California, 90007. 

The nature of the 

FOSSIL RECORD 

Our understanding of the relationships and ways of 

life of extinct vertebrates depends on knowledge of 
their geological age and the nature of the deposits in which 
they were buried. The geological time scale is shown in 
Figure 1-1, together with an outline of vertebrate phy- 
logeny. Detailed subdivisions of the geological periods 
and diagrams of relationships within each of the verte- 
brate groups accompany their descriptions. 

The processes of fossilization limit the type of infor- 
mation we can gain from extinct organisms. The bodies 
of most animals are consumed or scattered by predators 
and scavengers soon after death, and their bones are bro- 
ken up and decompose. Perhaps no more than one in a 
million are so quickly buried that they may become fos- 
silized. The flesh almost invariably decays, but the bones 
may be infiltrated by water carrying sediments and soluble 
minerals that fill up the large cavities and precipitate in 
smaller channels once occupied by cells and blood vessels. 
In most vertebrate fossils, mineral components of the bone 
retain their integrity, so that histological details and chem- 
ical composition are little altered even after hundreds of 
millions of years. A fossil bone is still bone, but it contains 
a hard and heavy infilling of other minerals as well. 

Occasionally, entire animals have been enclosed in 
sediments that hardened to give an impression of the com- 
plete body surface. Fossils of dinosaurs that became mum- 
mified after death have been preserved in this manner. 
Impressions of other animals have been preserved in lava 
flows and amber. Flattened, coalified remains showing 
body outlines are found in fine-grained sediments that 
were presumably deposited in an anaerobic environment, 
free from decomposing organisms. Occasionally, the soft 
tissues may be preserved by waters bearing pyrite or silica. 
Histological details of muscle fibers and kidney tubules 
are preserved in fossil sharks from the Upper Devonian 
Cleveland shale. 

Footprints are relatively common trace fossils that 
provide information about the posture, gait, and other 
aspects of behavior of extinct animals, and they may pro- 



CHAPTER I 


3 


l/> 



Figure 1-1. TEMPORAL DISTRIBUTION OF VERTEBRATE CLASSES 
AND THEIR PROBABLE RELATIONSHIPS. The geological time scale 
used in this and other phylogenies is from Harland et al., 1982. 

vide information about distribution of groups not locally 
represented by skeletons. Coprolites, or fossilized feces, 
may reflect the shape of the internal surface of the intes- 
tines (notably the spiral valve of sharks) and the diet of 
the animal that produced them. In some cases, coprolites 
contain small bones of animals that are not otherwise 
found in a given fauna. 

Although the actual tissue of the nervous system is 
never fossilized, we can learn about the surface features 
of the brain from impressions of the inner surface of the 


cranial bones. In some cases, natural infillings of the cra- 
nial cavities, or endocasts, are preserved and exposed when 
the overlying bone is eroded or intentionally removed. In 
relatively large animals, we can remove the matrix filling 
the skull and make an artificial mold of the inside surface 
of the bone. We can also study the inside of small and 
complex skulls through the use of serial sections. 

Endocasts of mammals are especially informative and 
can provide a close approximation of the original shape 
and volume of the brain. In contrast, the brains of fish, 
amphibians, and reptiles do not fully occupy the cranial 
cavity, and neither the surface features nor the volume 
can be accurately reconstructed on the basis of the sur- 
rounding bones (Jerison, 1973). 

Behrensmeyer and Hill (1 980) consider other aspects 
of the relationships between fossils and the sediments in 
which they are buried in “Fossils in the Making.” Rixon 
(1976) and the journal Curator discuss collection and 
preparation of fossil vertebrates. 

Not all animals have an equal chance of fossilization, 
which results in significant biases in the fossil record. 
Generally, animals that live in or near the water have a 
much greater chance of being quickly buried and pre- 
served than animals that live in strictly terrestrial envi- 
ronments. On the other hand, fossils of animals that lived 
in the depths of the ocean are not usually found, because 
this part of the earth’s crust is rarely exposed on the land 
surface. The shallower waters of continental margins and 
inland seas, in contrast, are ideal areas for the preservation 
and subsequent exposure of fossils. The fauna may he 
rich and the flow of sediments from the land copious. 
These areas are frequently subject to tectonic activity that 
can thrust them up into mountains, where sediments erode 
to expose the enclosed fossils. 

The fossil record is also rich in deltaic and Lgoonal 
environments closer to shore, but it may be difficult to 
determine whether the animals actually lived in this area, 
inhabited a more truly marine environment, or washed 
in from freshwater streams or lakes. We also find large 
numbers of animals living at the margin of the sea — in 
the zone of the surf and tide — but their remains tend to 
he fragmented by the action of the sea. 

Fossils of animals living in fresh water are rarer sim- 
ply because throughout geological history, areas of fresh 
water have been less extensive and served as basins of 
deposition for shorter periods of time. Nevertheless, large 
lake systems have yielded rich faunas, which may record 
very short time intervals over wide areas. 

Many localities record the fauna of coal swamps dur- 
ing the Upper Carboniferous. However, the area occupied 
by the productive localities is infinitesimal compared with 
the millions of square miles of coal deposits. Hook and 
Ferm (1985) provide a useful model for the special con- 
ditions that were responsible for the preservation of ver- 
tebrates in coal swamps. They attribute their concentra- 
tion at Linton, Ohio, to reducing anaerobic conditions 
associated with deep abandoned river channels that were 
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dominated by spores and degraded plant remains. For 
most of the Mesozoic, the expected fauna of coal swamps 
is missing from the fossil record. 

Large river systems, especially where they form deltas 
on the margins of large lakes or oceans, provide an ex- 
cellent source of fossils from a spectrum of aquatic and 
semiaquatic environments. The famous Lower Permian 
redbeds of north central Texas are an example of such 
a deposit. 

Low-lying flood plains beyond the banks of large 
river channels preserve some of the richest fossil accu- 
mulations. Deposits from this environment in southern 
Africa range in age from the Upper Permian throughout 
the Triassic; included is a magnificent fauna of mammal- 
like reptiles that documents the transition between reptiles 
and mammals. The vast assemblage of Cenozoic mam- 
mals from western North America was preserved under 
similar conditions. 

Further from major areas of sedimentation the fossil 
record is drastically reduced’. Small bodies of water, ponds, 
and streams are only temporary features in the geological 
time scale. Above the basins of deposition, they are likely 
to be eroded, rather than being preserved in the sedimen- 
tary record. Under exceptional conditions such higher land 
may be preserved as the result of major faults, where large 
areas are suddenly dropped hundreds or thousands of feet 
and become basins of deposition. The peculiar fauna of 
the Upper Permian of Madagascar appears to be preserved 
in this manner (Currie, 1981). 

Even more unusual but locally rich sources of fossils 
have been found in cave and fissure fillings (Robinson, 
1962) and within the upright tree stumps of the lycopod 
genus Sigillaria (Carroll et al., 1972). Such modes of pres- 
ervation tend to accumulate animals not ordinarily found 
in aquatic deposits and partially correct the bias against 
fully terrestrial vertebrates. 

The discovery of fossils depends not only on their 
initial burial and preservation but also on present-day 
conditions of exposure and erosion. Deserts and semi- 
deserts provide excellent areas for the discovery of fossils, 
since they are exposed but not immediately weathered 
away or covered by vegetation. In contrast, the wet tropics 
are among the least profitable areas for collecting, since 
rapid chemical weathering destroys the bones before they 
are ever exposed and what remains is quickly covered 
with vegetation. 

We know little about the fossil history of large areas 
of the tropics. Fossils have been collected at the margins 
of the Arctic and in Antarctica, but large areas remain 
obscured by ice. 

The changing positions of the continents and areas 
of tectonic activity have also led to varying distributions 
of depositional environments. In addition, some deposits 
have been completely removed by subsequent erosion, and 
others are so deeply buried that their fauna may never be 
exposed. Thus, while some geological periods are repre- 
sented by a wide spectrum of different environments, oth- 


ers have a more limited record. There are very few non- 
marine deposits of the Lower Carboniferous or the upper 
part of the Lower Jurassic anywhere in the Northern 
Hemisphere. Consequently, the knowledge of semia- 
quatic, amphibious, and terrestrial vertebrates of these 
ages is extremely limited. In the Paleozoic, the fossil record 
remains a patchwork — certain geological horizons, geo- 
graphical areas, and environments of deposition are well 
represented, while others are completely unknown. 

The hazards of preservation and subsequent expo- 
sure impose another bias — against groups of animals that 
were rare or geographically restricted. This bias is par- 
ticularly unfortunate, since most major evolutionary 
changes probably occurred in small, isolated populations 
that were subject to stringent selection pressure (Dob- 
zhansky et al., 1977; Mayr, 1963; Simpson, 1953). Where 
information regarding transitional forms is most eagerly 
sought, it is least likely to be available. We have no in- 
termediate fossils between rhipidistian fish and early am- 
phibians or between primitive insectivores and bats; only 
a single species, Archaeopteryx lithographica represents 
the transition between dinosaurs and birds. On the other 
hand, certain genera of fish, amphibians, and reptiles are 
known from thousands upon thousands of fossils from 
every continent. 

Evolution 

Although fossil vertebrates were very incompletely 

known in the nineteenth century, remains of dino- 
saurs, giant marine reptiles, and mammals without mod- 
ern descendants provided Darwin and other biologists 
with irrefutable evidence of extinction and, less directly, 
of the process of evolution. 

Evolution might have been accepted without fossil 
evidence, but fossils now seem inexplicable without evo- 
lution. Yet the foremost vertebrate paleontologists of the 
nineteenth century — Cuvier, Owen, and Agassiz — did not 
accept evolution as put forward hy Darwin but argued 
for a succession of creations and extinctions. Until the 
1940s, vertebrate paleontologists remained outside the 
mainstream of evolutionary thought. Simpson (1944) and 
Jepsen (Jepsen, Mayr, and Simpson, 1949) made the first 
important contributions to the modern evolutionary syn- 
thesis (Mayr and Provine, 1980). 

Perhaps we should not be surprised that vertebrate 
paleontologists did not support the prevailing view of 
slow, progressive evolution hut tended to elaborate the- 
ories involving saltation, orthogenesis, or other vitalistic 
hypotheses. Most of the evidence provided by the fossil 
record does not support a strictly gradualistic interpre- 
tation, as pointed out by Eldredge and Gould (1972), 
Gould and Eldredge (1977), Gould (1985), and Stanley 
(1979, 1982). 

Few contemporary paleontologists would deny that 
natural selection controls the direction of evolution, but 
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many would seek additional factors to account for the 
rapid evolution that characterizes the early diversification 
and radiation of groups and the early stages in the elab- 
oration of major new structures. The great longevity of 
many groups and the minor evolutionary changes they 
exhibited pose another problem. I will discuss these and 
other general aspects of vertebrate evolution in the final 
chapter. 

Establishing 

RELATIONSHIPS 

One of the most challenging aspects of vertebrate 

paleontology is establishing relationships — between 
extinct genera and possible living counterparts and among 
totally extinct groups. Taxonomists since the time of the 
ancient Greeks have based relationships and systems of 
classification primarily on overall similarities. Linnaeus 
and other early taxonomists thought these similarities re- 
sulted from the orderly creation of life by God. Yet, these 
similarities so soundly reflected basic, inherited attributes 
of the organisms that the hierarchical system of classifi- 
cation developed by Linnaeus could be accepted, with 
little change, by evolutionary biologists. 

Until recently, few paleontologists were seriously 
concerned with the methods of classification; neverthe- 
less, they developed a workable and relatively consistent 
system that integrates well with the classification of living 
vertebrates. 

HENNIGIAN SYSTEMATICS 

During the past 20 years, the writings of Willi Hennig 
(1965, 1966, 1981) have aroused increasing interest in 
the methodology of determining relationships and their 
expression in systems of classification. Hennig sought a 
more objective method of establishing relationships and 
a pattern of classification that was not prey to the sub- 
jective approach of individual taxonomists. He also sought 
to make classification reflect phylogenetic patterns as closely 
as possible. This system is referred to as phylogenetic 
systematics, cladism, or Hennigian systematics. Wiley 
(1981) provides the most effective recent review of this 
method. 

Paleontologists, including Eldredge and Cracraft 
(1980), Gaffney (1979), and Patterson (1981), have been 
among the most active supporters of phylogenetic system- 
atics. Despite the difficulty of applying some of the con- 
ventions of Hennigian classification to extinct groups, the 
methods of determining relationships provide an objective 
basis that greatly assists in establishing reliable phylogen- 
ies. 

The most important aspect of Hennigian method- 
ology is the emphasis on specialized or derived characters 


in establishing relationships, in contrast with the use of 
general similarities, as has been the common practice for 
many taxonomists. Two groups may share a large number 
of attributes in common, but only those that are special- 
ized relative to other more distantly related groups dem- 
onstrate close relationships. For example, all fish share a 
great number of features, but sharks and chimaeras (hol- 
occphalians or ratfish) are unique in having claspers and 
prismatic calcification of their cartilage, which suggests 
that sharks and chimaeras are more closely related to one 
another than either are to other fishes. 

Hennig coined several terms to emphasize the unique 
aspects of this approach. The term apomorphy refers to 
a derived or specialized trait; plesiomorphy refers to a 
primitive trait. An autapomorphy is a specialization unique 
to one group, and a synapomorphy is a specialized trait 
shared by two or more groups. A symplesiomorphy is a 
shared primitive trait. All these terms must be defined in 
relation to a particular taxonomic level. The presence of 
a hemipenes (a paired, eversible penis) is an autapomor- 
phy of the Squamata, the single group that includes lizards 
and snakes. It is a synapomorphy of the Lacertilia (lizards) 
and the Ophidia (snakes). Within either of these groups, 
the presence of the hemipenes is a primitive character or 
a symplesiomorphy. 

An autapomorphy has no value in establishing re- 
lationships with other groups that lack this character; the 
presence of a hemipenes does not contribute to our un- 
derstanding of the specific relationship between the Squa- 
mata and other groups of reptiles that lack this trait. Nor 
is the presence of this structure valuable in establishing 
relationships among the various lizard or snake groups, 
all of which possess it. 

The term character may be applied to any recogniz- 
able attribute of an organism. The total number of char- 
acters of any organism may be nearly infinite, but when 
classifying, we need to consider only the characters that 
vary among the taxa being studied. The term character 
state refers to the presence or absence of a particular 
attribute or to a series of alternative ways in which a trait 
may be expressed. For example, teeth may be present or 
absent, or their attachment may be to the side of the jaw 
(pleurodont), to the edge of the jaw (acrodont), or in 
sockets (thecodont). The term morphocline refers to char- 
acters that vary quantitatively within a group, for in- 
stance, total body size or proportionate length of limbs. 

Hennig applied the term sister groups to two groups 
united by the presence of one or more synapomorphic 
characters. Hennig argued that a system of classification 
could be based entirely on such pairs of taxonomic groups 
(Figure 1-2). This depends on the assumption that both 
of the sister groups will inherit one or more uniquely 
derived characters from their immediate ancestors. (How- 
ever, evolution may not always occur according to this 
pattern. A conservative lineage might give rise to a series 
of daughter species as a result of geographical separation 
of small portions of the population. In this case, divergent 
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Figure 1-2. FOUR ALTERNATIVE AND MUTUALLY EXCLUSIVE 
HYPOTHESES OF PHYLOGENETIC RELATIONSHIP AMONG 
THREE TAXA. In (a) a, b, and c belong to a monophvletic group if 
they all express some derived characters (1), not shared with other taxa. 
Taxa b and c are considered to be more closely related to each other 


species and their descendants will not necessarily share 
any unique derived features with the conservative lineage. 
Their affinities can then be judged only on the basis of 
overall similarities.) 

The term sister group can apply to any taxonomic 
level. Most taxonomists agree that the origin of major 
groups, like birds or mammals, can ultimately be traced 
to a particular speciation event. Thus, we may initially 
apply the concept of sister groups at the level of the spe- 
cies. Higher taxonomic categories, for example, placental 
and marsupial mammals, may also be considered as sister 
groups. In other cases, a single species might be identified 
as the sister group of a larger taxonomic assemblage such 
as a family or an order. 

MONOPHYLY 

A major objective of classification is to unite species shar- 
ing a common ancestry. Such groups are termed mono- 
phyletic. It would be desirable if we could demonstrate 
that all taxonomic groups evolved from individual species, 
but this demonstration is rarely if ever possible. Mono- 
phyletic groups can be identified by the presence of unique, 
derived characters. All mammals, for instance, can be 
recognized by the presence of hair, mammary glands, and 
three ear ossicles, which are not present in any other 
vertebrates. 

Groups are sometimes recognized that are later found 
to have evolved from two or more distinct ancestors. Such 
groups are termed polyphyletic. The suborder Pinnipedia 
was long used to refer to both seals (Phocoidea) and the 
sea lions and walruses (Otarioidea). We now recognize 
that each group evolved independently from separate fam- 
ilies of terrestrial carnivores, rather than having a single 
common ancestor. Taxonomists try to avoid naming 
polyphyletic groups, but they cannot always differentiate 
characters that are uniquely evolved from those that have 
arisen convergently in two or more groups. 


W (d) 




than either are ro a if b and c share other derived characters (2) not 
found in a. Taxon a is considered to be the sister group of b and c. 
Taxa b and c are sister groups of each other, (d) An unresolved tricotomy 
in which no unique characters are shared by any two taxa to the ex- 
clusion of the third. 


HOMOLOGY AND CONVERGENCE 

In order for characters to be useful in establishing mon- 
ophyletic groups and relationships between groups, we 
must first demonstrate that the characters are truly com- 
parable. Long before the acceptance of evolutionary the- 
ory, scientists recognized that particular elements of the 
skeleton of all vertebrates are fundamentally similar to 
one another. This similarity is clearly evident among ter- 
restrial vertebrates. The bones of the forelimb are readily 
recognizable whether the limb is used for walking (as in 
mammalian carnivores), grasping (as in primates), flying 
(as in bats), or swimming (as in secondarily aquatic forms 
such as whales). Homology refers to the fundamental sim- 
ilarity of individual structures that belong to different 
species within a monophyletic group. Their homologous 
nature originates from a common ancestral pattern. 

The homology of a structure, such as the humerus, 
can be demonstrated on the basis of several criteria: 

1. Position — The configuration of the humerus may 
change significantly, but its position relative to 
other structures (the pectoral girdle and the lower 
limb) remains constant. 

2. Development — The embryological tissue from 
which the humerus develops is the same in all 
tetrapods, and the pattern of its ontogeny is sim- 
ilar in all groups in which the bone occurs. 

3. Evolution — The change in shape of the humerus 
as revealed by the fossil record can be traced from 
one group to another with no significant breaks, 
and the most primitive condition observed in sis- 
ter groups is the most similar. 

Not all homologous characters have such a similar 
structure and function. Some homologies would be almost 
impossible to recognize without information from either 
developmental patterns or the fossil record. One of the 
most striking cases is provided by the mammalian ear 
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ossicles (see Chapter 17). Only a single car ossicle, the 
stapes, is present in reptiles, but three bones are present 
in mammals. The two additional bones — the malleus and 
incus — are homologous with bones that form the jaw 
articulation in reptiles — the articular and quadrate. This 
homology was first established as a result of observed 
changes in position and function of these bones in the 
embryos of modern mammals and, more recently, was 
demonstrated in a sequence of fossils from the reptilian- 
mammalian transition. 

Not only are some characters that are very different 
in structure and function homologous, but other char- 
acters that appear very similar may be nonhomologous. 
For example, a structurally similar patella, or knee cap, 
is present in birds, mammals, and some lizards, yet it was 
not present in the ancestors of any of these groups and 
certainly evolved separately in each. 

Characters that are similar in structure and function 
but have arisen separately rather than from a common 
ancestor are termed convergent. Convergence is common 
in groups that become adapted to a similar habitat or way 
of life; the similar body shape of whales, ichthyosaurs, 
and mosasaurs — all of which had different terrestrial 
ancestors — resulted from secondary adaptation to an 
aquatic way of life. 

A second evolutionary pattern that results in the de- 
velopment of nonhomologous characters, parallelism, is 
frequently recognized. Simpson (1961) distinguished these 
patterns as follows: Convergence is the development of 
similar characters separately in two or more lineages with- 
out a common ancestry pertinent to the similarity. Par- 
allelism is the development of similar characters sepa- 
rately in two or more lineages of common ancestry on 
the basis of, or channeled by, characteristics of that an- 
cestry. 

These two terms may be useful in characterizing 
evolutionary patterns, but in practice they are difficult to 
distinguish. When we attempt to determine specific re- 
lationships between groups, parallelism may be consid- 
ered a special case within the broader category of con- 
vergence. Homoplasy is frequently used as a synonym for 
convergence. A major problem in establishing relation- 
ships is distinguishing characters that are homologous 
from those that have arisen as a result of convergence. 
We can establish directly whether or not a character ob- 
served in two groups is homologous only through knowl- 
edge of the groups’ immediate common ancestor. If this 
form can be recognized and has this character, it is ho- 
mologous. If the ancestor can be recognized on the basis 
of other criteria but lacks this character, we may assume 
it evolved convergently. If a common ancestor is not known, 
convergence might be detected from knowledge of the 
immediate ancestors of either group, but homology can- 
not be demonstrated in this manner. 

The fossil record is the final arbitrator in determining 
homology for traits that are capable of being preserved, 
but this excludes almost all aspects of soft anatomy and 


physiology. Even among groups with a good fossil record, 
ancestors are frequently not known, and might not be 
recognized without knowledge from other sources re- 
garding the possible homology of structures. 

Several other lines of evidence may be used to dis- 
tinguish homologous characters from features that have 
arisen convergently. All are based on probabilities. If 
structures or processes are complex and similar, it is sta- 
tistically unlikely that they would have evolved as a result 
of convergence. The two major groups of vertebrates, the 
Agnatha (or jawless vertebrates) and the jawed verte- 
brates, have basically similar patterns of the brain, cranial 
nerves, and associated sense organs. Even without direct 
knowledge of the common ancestor of all vertebrates, we 
may safely assume that it had a comparable pattern. Sim- 
ilarly, complex developmental changes are unlikely to be 
matched exactly in groups with different ancestral pat- 
terns. 

A common, rather than multiple, origin of a trait 
may also be considered more likely if many related forms 
exhibit the same condition. For example, all placental 
mammals have a fundamentally similar pattern of repro- 
duction, involving a complex system of endocrine control 
and many similar features of the placenta. Since these 
occur consistently in all modern mammalian orders, it 
seems much more likely that this pattern developed in a 
common ancestral stock, rather than evolving separately 
in each group. 

Similar lines of reasoning can be used to support the 
homology of elements known in fossil groups where spe- 
cific ancestry has not been established. Patterson (1982) 
advanced an extension of these arguments, suggesting that 
any relationships established on the basis of other criteria 
may be used to determine the homologous nature of par- 
ticular characters. If monophyletic groups reflect common 
ancestry, then any characters they exhibit are likely to be 
homologous. This argument is based only on probability 
and is much less significant in establishing homology than 
evidence from the fossil record, because it provides no 
specific information regarding individual characters. 

PARSIMONY 

All means of establishing homology other than those in- 
volving developmental patterns and the fossil record are 
based on the principle of parsimony — that it is more log- 
ical to accept a hypothesis that depends on a smqll number 
of processes rather than one based on a large number of 
independent processes. Cladists have applied this princi- 
ple broadly to judge alternative relationships on the basis 
of the relative number of derived characters that they 
share. In general, this principle is logical and to some 
degree underlies all scientific thinking. However, we may 
question the degree to which it is applicable to establishing 
phylogenies. In the case of phylogenetic analysis, the use 
of parsimony is based on the assumption that most char- 
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acters evolved only once and that convergence is rare. 
Surprisingly, supporters of this doctrine have never tested 
this assumption. 

In contrast, biologists working with both modern and 
extinct groups argue that convergence is very common 
(Cain, 1982; Carroll 1982). Arguments for the close re- 
lationship of groups based only on the common presence 
of derived features are of little value, if convergence is 
equally or more common than the unique origin of derived 
characters. 

There is no simple correlation between elapsed time 
and the amount of evolutionary change, but in general, 
more changes are likely to have taken place in groups that 
share only a very distant common ancestry than in those 
that diverged from a common ancestry more recently. The 
number of features resulting from convergence will almost 
inevitably increase during evolutionary history, while the 
number of characters that they share as a result of their 
common ancestry cannot increase, and may decrease, if 
synapomorphies are lost or altered. Hence, arguments 
based on parsimony are increasingly less likely to be cor- 
rect the more distant the proposed common ancestor is 
in time. 

Attempts to determine the relationships of groups on 
the basis of characters exhibited only in their modern 
representatives may result in phytogenies that are far dif- 
ferent from those established on the basis of the fossil 
record. Two striking examples are provided by the recent 
works of Gardiner (1982) and Rosen et al. (1981). 

When attempting to establish relationships of any 
group with a fossil record, we must emphasize the earliest 
known members, because they have had the shortest amount 
of time to evolve new characters since their initial diver- 
gence. Hence, they should provide us with the best op- 
portunity to identify the derived features that they share 
with their closest sister group. Characters that evolve within 
a group, rather than being present in its most primitive 
members, have no value in establishing its relationship 
with a possible sister group. 


Polarity 

If we emphasize the use of derived, rather than prim- 
itive, characters in establishing relationships, we must 
devise a means for determining the direction of evolu- 
tionary change of those characters. Within a series of 
related species, the number of teeth may differ widely. Is 
the number of teeth increasing or decreasing? Is a small 
or a large number of teeth likely to be the primitive con- 
dition? The direction of evolutionary change is referred 
to as polarity. 

Determining the direction of the polarity of character 
states or morphoclines is very important to all evolution- 


ary biologists, and many authors have written on this 
subject in recent years (Kluge, 1977; Patterson, 1981; 
Wiley, 1981). 


STRATIGRAPHIC SEQUENCE 

The most obvious way a paleontologist can determine 
polarity is by the order in which characters appear in the 
fossil record. If the fossil record is relatively complete or 
at least representative of the actual pattern of evolution 
within a group, the direction of evolutionary change should 
be evident from the sequence of fossils. Paleozoic sharks 
are in general more primitive than the living shark groups 
and among mammals, the character states exhibited by 
Paleocene genera are consistently more primitive than those 
of animals from the later Tertiary. Butler (1982) recently 
commented on the question of polarity as applied to the 
configuration of mammalian molars: 

Cope (1883) found that in the oldest Tertiary mam- 
malian fauna, from the Lower Palaeocene, .... 38 
out of 41 species had upper molars with three prin- 
cipal cusps, and 35 of these were triangular, whereas 
many Eocene and later mammals had quadrate mo- 
lars with four cusps. In this way he was able to 
recognize the tritubercular type as the ancestral form 
of upper molar. 

On the other hand, paleontologists have noted the 
difficulty of relying exclusively on the fossil record to 
determine the sequence of anatomical changes (Schaeffer, 
Hecht, and Eldredge, 1972), and cladists in general have 
been suspicious of the fossil record and minimize its im- 
portance in establishing polarity (Hennig, 1981; Patter- 
son, 1981; Wiley, 1981). 

The degree of completeness of the fossil record differs 
widely from group to group and from one horizon to 
another in the history of any particular group. Because 
many species and genera have relatively long time spans, 
we cannot assume that the earliest appearance of a par- 
ticular character state indicates that it is the most prim- 
itive. However, in groups with an extensive fossil record, 
it is probable that the most primitive character states will 
be expressed in the older fossils and for derived characters 
to be more common in later forms. As the fossil record 
improves, it will better reflect the actual sequence of evo- 
lution (Fortey and Jefferies, 1982). Despite the difficulties 
of interpreting the fossil record, it is the final arbitrator 
in establishing the antiquity of groups and the distribution 
of character states (Paul, 1982). 

However, determining the direction of polarity from 
the fossil record requires some degree of prior knowledge 
of the relationships of the groups being investigated. A 
particular character or character state may have evolved 
at different times in different lineages. The early appear- 
ance of a character in one group does not necessarily 
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indicate that it represents the ancestral condition in an- 
other group that appears later in the fossil record. The 
earliest known vertebrates have an extensive external car- 
apace, but this does not necessarily indicate that the pres- 
ence of a carapace was also primitive for sharklike fish, 
which appear at a later time in the fossil record. This 
problem can be minimized if the monophyletic nature of 
groups can be established first on the basis of other char- 
acters. However, in practice most significant taxonomic 
problems involve assemblages in which both their mon- 
ophyletic nature and the polarity of important characters 
are in question. 


ONTOGENY 

Since the recognition of the evolutionary relationship of 
organisms, it has been evident that the process of em- 
bryological development generally parallels phylogeny. 
Terrestrial vertebrates go through a stage in which they 
have fishlike gill slits, and mammals go through stages in 
which elements of their circulatory and excretory systems 
resemble those seen in the early development of fish, am- 
phibians, and reptiles before they achieve the definitive 
mammalian pattern. Haeckel (1866) summarized this 
phenomenon with the expression “Ontogeny recapitu- 
lates phylogeny.” 

In some cases, this phenomenon enables us to deter- 
mine the relationships of an animal on the basis of early 
growth stages, when the adult is so specialized that its 
affinities are not readily recognized. The relationship of 
tunicates (urochordates) with vertebrates would be almost 
impossible to guess on the basis of the adult structure, 
but the larvae exhibit a notochord and dorsal hollow 
nerve cord that demonstrate their affinities with other 
chordates. 

Gould (1977) reviewed the relationships between on- 
togeny and phylogeny, pointing out problems in a literal 
interpretation of Haeckel’s phrase while discussing other 
aspects of development that may be significant in under- 
standing phylogenetic change. 

Fink (1982) stressed the importance of ontogenetic 
change as a means of establishing the direction of evo- 
lution. The study of ontogeny is not limited to living 
species, because changes of the skeleton during growth 
are frequently seen in fossils. Among early amphibians 
and reptiles, the pattern of fusion of tarsal elements, that 
can be followed ontogenetically, closely parallels the same 
process when viewed phylogenetically and provides con- 
vincing evidence of the homology of elements in the two 
classes. 

The process of neoteny or paedomorphosis, in which 
juvenile characters are retained in sexually mature indi- 
viduals, results in an altered ontogenetic sequence relative 
to that of related groups, but such changes can usually 
be recognized by the polarity of other traits. 


OUTGROUP COMPARISON 

Cladists generally stress outgroup comparison as one of 
the most important single means of establishing the po- 
larity of traits. This method is usually discussed in terms 
of contemporary, living groups, but it is equally or even 
more convincingly applied to groups with a fossil record. 
Within a particular group, characters or character states 
are judged to be derived if they do not appear in other, 
closely related groups (the outgroups) and primitive if they 
do. The presence of hair in mammals is clearly a derived 
character, since it is not possessed by any other vertebrate 
class. The presence of marsupial bones in both marsupials 
and monotremes suggests that this feature may be prim- 
itive for mammals; the absence of these bones is a spe- 
cialization of placentals. 

To establish polarity, the ideal outgroup would be 
the ancestors of the group being studied. The polarity of 
character change among early amphibians can be estab- 
lished on the basis of the anatomy of their putative ances- 
tors, the rhipidistian fish. On the other hand, the specific 
nature of the interrelationships among the various fossil 
hominids is difficult to assess because we lack knowledge 
of their immediate ancestors from the Pliocene and thus 
have difficulty determining which features of the various 
australopithecine species are likely to be primitive or spe- 
cialized relative to those of our own genus, Homo. 


CHARACTER ANALYSIS WITHIN GROUPS 

It has been suggested that a trait that is rarely found within 
a group is probably derived, rather than primitive. A high 
degree of aquatic specialization among the mosasaurs is 
certainly a specialization among lizards. On the other 
hand, only two living mammals lay eggs, yet the echidna 
and platypus are unquestionably regarded as primitive 
mammals and the egg-laying trait is almost certainly a 
primitive feature inherited from their reptilian ancestors. 
On its own, rarity is not a good criterion for judging 
whether a character is primitive or advanced. 

Among the modern lizard infraorders, the presence 
of amphicoelous vertebrae is rare — encountered only in 
some genera of the Gekkota. To judge by the otherwise 
specialized nature of the genera with this character, it is 
probably derived relative to the procoelous condition of 
other modern lizard groups. On the other hand, amphi- 
coelous vertebrae are also present in the most closely re- 
lated living outgroups of lizards, the genus Spbenodon, 
and the extinct eosuchians. In addition, the most primitive 
fossil lizards also have amphicoelous centra that are nearly 
identical with those of the modern Gekkota. Thus, the 
amphicoelous condition is both a primitive and an ad- 
vanced character among lizards. Only knowledge of the 
remaining aspects of the anatomy and phylogenetic re- 
lationships of the groups involved enable us to determine 
the polarity of this character in each instance. 
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CORRESPONDENCE WITH OTHER 
CHARACTERS 

It is tempting to assume that a particular character found 
in a species that otherwise displays a large number of 
primitive character traits is primitive as well. There are 
many examples where this assumption is not correct, how- 
ever. For instance, the great anterior extent of the noto- 
chord in amphioxus is unlikely to be a primitive condition 
relative to that of vertebrates, although many other fea- 
tures of amphioxus almost certainly are. 

ANATOMICAL PROGRESSION 

Even without evidence from the fossil record, ontogeny, 
or outgroup comparison, certain structural morphoclines 
usually proceed in only one direction. Once lost, limbs 
are rarely, if ever, regained. Loss of digits and loss or 
fusion of carpals and tarsals are much more common than 
gain, although polydactyly and polyphalangy are com- 
mon derived features in aquatic groups. The presence of 
many sacral ribs is generally derived relative to the pres- 
ence of only one pair, but the reduction of sacral ribs may 
occur in groups that are secondarily adapted to an aquatic 
way of life. 

No single method of establishing polarity is depend- 
able in all cases, and confirmation should be sought through 
the use of alternative evidence. 

CL ADOGRAMS 

The evolutionary history of vertebrate groups has 

long been represented by phylogenetic trees. The hor- 
izontal axis represents the relative amount of anatomical 
divergence between taxa, and the vertical axis shows their 
temporal distribution. Phylogenetic trees may reflect a 
broad range of anatomical, behavioral, and physiological 
evidence, but they rarely include reference to the specific 
traits used to establish relationships. 

Emphasis on the use of derived characters has led to 
the development of a different type of diagram, the cla- 
dogram, to represent relationships. A cladogram specifi- 
cally shows the derived characters used to recognize the 
monophyletic nature of each taxonomic group (Figure 
1-3). A cladogram is frequently presented as a hypothesis 
of possible relationships that can be tested and either 
corroborated or refuted on the basis of additional data. 
The sequence of branching in a cladogram reflects the 
relative times of the divergence of each group, but unlike 
phylogenetic trees, cladograms are not associated with an 
absolute time scale. 

Vertebrate paleontologists are using cladograms with 
increasing frequency. Their advantage lies in the specific 
presentation of all data that form the basis for postulated 
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relationships. Clearly established relationships are indi- 
cated by simple dichotomies. Where three or more lin- 
eages appear to radiate from a single point, there is not 
yet sufficient information available to establish specific 
sister-group relationships. Eventually, it may be possible 
to represent all relationships among vertebrates by cla- 
dograms. However, at present, the fossil record is still too 
incomplete to do this in a systematic manner. 

The most difficult taxonomic problems involve de- 
termining specific interrelationships among the many sep- 
arate lineages that evolved in the early stages of major 
adaptive radiations. Most of the major groups of verte- 
brates appear to have radiated very rapidly, giving rise 
within 10 to 20 million years to many different lineages, 
each of which is characterized by conspicuous specialized 
or apomorphic characters in addition to the synapomor- 
phies by which the larger group is recognized. This pattern 
is particularly evident in the radiation of the placoderms 
in the late Siliurian and early Devonian, the Chondri- 
chthyes during the Devonian, primitive tetrapods in the 
late Devonian and early Carboniferous, the amniotes in 
the late Carboniferous, the archosaurs in the late Permian, 
the dinosaurs in the late Triassic, and the teleosts, therian 
mammals, and birds in the late Cretaceous and early Ter- 
tiary. 

It has been difficult to recognize shared derived char- 
acters that would allow us to determine specific sister- 
group relationships within these radiations. As the fossil 
record has become better known, some interrelationships 
have been established, but it is still not possible to provide 
well-documented cladograms to demonstrate the specific 
sequence of dichotomous branching that occurred during 
the origin of these groups. 

We have a great deal to learn about the polarity and 
homology of traits in the primitive members of most ma- 
jor vertebrate groups. Until these facts are established, it 
is very difficult to draft cladograms that do not give the 
appearance of being better documented than they actually 
are. 

One of the most conspicuous aspects of cladograms 
is the hierarchical arrangement of monophyletic groups. 
Many authors who make use of cladistic methodology 
urge that systems of classification should follow a similar, 
hierarchical pattern, with the generally accepted conven- 
tion that sister groups be given equivalent taxonomic rank. 
Hence, among vertebrates, the Agnatha would have the 
same rank as all other vertebrates, the placoderms should 
have the same rank as all other gnathostomes, and the 
crocodiles would have the same rank as birds. All tetra- 
pods would be included within a taxonomic rank much 
below that of the few living members of the Agnatha. 

This system’s advantage is that taxonomic rank would 
directly reflect the relative time of origin of all taxonomic 
groups and their specific position in a hierarchical system. 
However, it would require a potentially enormous num- 
ber of taxonomic ranks and the introduction of a plethora 
of unfamiliar group names (Panchen, 1982). 
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Figure 1-3. A CLADOGRAM SHOWING A NESTED SERIES OF 
MONOPHYLETIC GROUPS AMONG THE VERTEBRATES. The de- 
rived characters that define the nodes of the cladogram and characterize 
each group are as follows: 1. Brain, specialized paired sense organs, 
ability to form bone. 2. Jaws, gill filaments lateral to gill supports. 3. 
Regular tooth replacement, palatoquadrate medial to adductor jaw mus- 
culature. 4. Bone a regular constituent of the endochondral skeleton. 
Swimbladder or lung. 5. Paired limbs used for terrestrial locomotion. 
6. Extraembryonic membranes, allantois, chorion, and amnion, direct 
development without an aquatic larval stage. 7. Toss of medial ccntralc 


of pes. 8. Loss of ectopterygoid bone, closely integrated dorsal carapace 
and ventral plastron. 9. Gill filaments medial to gill supports. 10. Pal- 
atoquadrate lateral to adductor jaw musculature. 1 1 . Prismatic cartilage. 
12. Fur, mammary glands. 13. Dorsal and lateral temporal openings, 
suborbital fenestra. 14. Large sternum on which the scapulocoracoid 
rotates. 15. Hooked fifth metatarsal, foot directed forward for much of 
stride. 16. An akinetic skull with extensive pneuinatization, elongate 
coracoid. 17. Feathers. Neither osteichthyes nor modern amphibians 
can be defined on the basis of unique derived characters. 


As Charig ( 1 982) emphasized, phylogenetic trees and 
cladograms provide different kinds of information than 
do Linnean systematics and there is no particular value 
in attempting to combine the two into a single, extremely 
complex system of formal classification. Linnean classi- 
fication provides a relatively simple way of indicating the 
taxa included in each major group. Phylogenetic trees or 
cladograms indicate the nature of the interrelationships 
among the included taxa. 

Another problem with attempting to derive a formal 
system of classification from a cladogram is that any change 
in the classification of the most primitive groups alters 
the systematic position of all other taxa. The earliest points 
of divergence are typically the most poorly represented in 
the fossil record, and the living members of these groups 
have had the longest period of evolution during which 
they may have lost or modified primitive characters. Hence, 
the portions of the cladograms most vital in establishing 
a system of classification are the most difficult to docu- 
ment. Therefore, the classification used in this text will 
follow the familiar Linnean pattern. 


Paraphyly and 

HOLOPHYLY 

The great emphasis on the use of derived rather than 
primitive features in establishing relationships led 
Hennig to modify the definition of the term monophyly 
in a way that has been accepted by all subsequent workers 
using cladistic methodology. All taxonomists agree that 
monophyletic groups are defined on the basis of having 
a common ancestry. Hennig further specified that a mon- 
ophyletic group should include an ancestral species and 
all its descendants. This definition appears logical, but it 
differs from that used by most earlier taxonomists who 
did not specify the inclusion of all descendants. Hennig 
coined the term paraphyletic for groups that have a com- 
mon ancestry, but from which one or more descendant 
groups have been excluded. Cladists in general discourage 
the recognition of paraphyletic groups. Patterson (1981, 
1982) refers to them as unnatural and no more than an 
artifact of taxonomists. 
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Earlier definitions of monophyly include both para- 
phyletic and monophyletic groups (of cladistic usage). To 
alleviate the problem of having two definitions for the 
same term, Ashlock (1971) coined the term holophyly for 
Hennig’s use of the term monophyly. Unfortunately, the 
term holophyly has not achieved general usage, and most 
cladists continue to use the term monophyly in reference 
to groups that are not paraphyletic. In this text the term 
monophyletic will be used to refer to the origin of groups 
without consideration of their descendants. 

Paraphyletic groups cannot be defined in a strictly 
cladistic manner because they do not possess uniquely 
derived characters. All the derived characters that they 
exhibit are shared with their descendants. The class Rep- 
tilia is frequently cited as a prime example of a paraphy- 
letic group. Reptiles, birds, and mammals together make 
up a holophyletic group, the Amniota, but reptiles can 
only be defined on the basis of the absence of features 
that characterize birds and mammals. 


The classes Amphibia, Osteichthyes, and Agnatha 
(including fossil members) are also paraphyletic groups. 
The fossil record of the earliest members of these classes 
are too poorly known to establish how they might be 
assigned to holophyletic groups. This is a particularly 
difficult problem in the case of the early tetrapods. 

The problem of paraphyletic groups may be analyzed 
more closely at other taxonomic levels, beginning with 
species. Early papers by Hennig (1966) and other cladists 
(e.g., Bonde, 1975) introduced the convention that all 
speciation events should be considered as resulting in the 
extinction of the parental species. This convention follows 
logically from the prohibition of paraphyletic groups, since 
the ancestral species could only be recognized as a mon- 
ophyletic group if it included all of its descendants. If one 
daughter lineage is recognized as a separate species, the 
other would have to be considered distinct as well. Wiley 
(1981) recognized that this procedure cannot be justified 
biologically. As Mayr (1963) and others have emphasized, 



Figure 1-4. PATTERN OF SPECIATION WITHIN A GROUP, SHOWING THE PREVALENCE OF PARA- 
PHYLETIC TAXA. Each dichotomy represents a speciation event. Only those species that are living today 
or have become extinct without issue are holophyletic. The remainder are paraphyletic. P, paraphyletic species. 
H, holophyletic species. 



CHAPTER I 


13 


most and probably all speciation events among verte- 
brates occur subsequent to geographical separation of the 
parental population. This separation may result in a rel- 
atively equal subdivision of daughter populations, but the 
division is usually unequal, resulting in the parent pop- 
ulation occupying most of its original territory and one 
daughter population having a much smaller range and 
population size. According to most current thinking on 
speciation (Dobzhansky et ah, 1977), the smaller popu- 
lation is more likely to undergo rapid evolutionary change 
and the larger population may continue essentially un- 
altered. We cannot justify the assumption that the paren- 
tal species becomes extinct. An extreme case can be en- 
visioned in which a few individuals (perhaps a single 
pregnant female) become isolated from the rest of the 
species. The parental population is no more affected if 
she founds a new species than if she dies without issue. 

If we generate a random pattern of branching — com- 
parable to a series of speciation events — combined with 
extinction, we may conclude that approximately half of 
the species that have ever existed are paraphyletic (Figure 
1-4). The only species that are not paraphyletic are those 
living today and those that became extinct without issue. 
There is no inherent difference between species that even- 
tually become extinct, those that undergo subsequent spe- 
ciation, and those living at the present time. We cannot 
ignore paraphyletic species or treat them in a different 
manner taxonomically from those that are holophyletic. 

The problem of paraphyly is most contentious in the 
case of taxa that have been recognized as including the 
ancestors of major groups. Rhipidistian fish are thought 
to include the ancestors of tetrapods, the therapsids in- 
clude the ancestors of mammals, and the theropod di- 
nosaurs almost certainly include the ancestors of birds. 
By definition, rhipidistians, therapsids, and theropod di- 
nosaurs are all paraphyletic groups. But does this require 
that they be classified differently than groups that are 
living today or that have become extinct without issue? 

Presumably, the ancestry of tetrapods, mammals, and 
birds may each be traced to a single lineage that diverged 
from a single species within the ancestral group. Were it 
not for this speciation event, the parental group would 
be holophyletic and defined by derived characters alone. 
There is no reason to believe that the ancestral group was 
otherwise altered by this speciation event. Rhipidistians, 
therapsids, and theropod dinosaurs all survived the di- 
vergence of their descendant groups; it is not practical to 
subdivide them into a holophyletic assemblage that ex- 
isted after the dichotomy and a paraphyletic taxon that 
existed before. 

The problem of classifying these particular paraphy- 
letic groups might be diminished by including them within 
the taxon of their holophyletic descendants, but the prob- 
lem is only extended to the next earlier taxonomic group. 
If theropod dinosaurs are classified with birds, than the 
more primitive saurischian dinosaurs that gave rise to the 
theropods become a paraphyletic group. If they in turn 



Figure 1-5. SUCCESSION OF PARAPHYLETIC GROUPS LEADING 
FROM PRIMITIVE AMNIOTES TO BIRDS. 


are included with the birds, other, more primitive archo- 
saurs become paraphyletic, ad infinitum (Figure 1-5). 

The existence of paraphyletic groups is an inevitable 
result of the process of evolution. Their existence requires 
that we define them in terms of the absence of the char- 
acters of their descendants as well as the presence of char- 
acters absent in their ancestors. 

Summary 

The history of vertebrate evolution is revealed by 

fossils buried in sediments that have accumulated 
during the past 500 million years. Most fossils consist of 
bones infiltrated by suspended sediments and dissolved 
minerals. Footprints, coprolites, endocasts, and, occa- 
sionally, soft parts preserved as impressions or as the 
result of replacement by pyrite or silica provide further 
evidence of the structure and behavior of extinct verte- 
brates. 

Geological processes strongly influence the relative 
likelihood of preservation of animals from different en- 
vironments. Shallow margins of the ocean and other large 
bodies of water, deltas, and coastal planes receive copious 
sediments and are subject to subsequent tectonic activity. 
These processes contribute to a rich fossil record. In con- 
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trast, the oceanic depths and terrestrial environments be- 
yond the margins of large water bodies provide few ver- 
tebrate fossils. The relative position of the continents, the 
extent of shallow inland seas, and the amount of tectonic 
activity have varied throughout geological history and 
influence the probability of preservation and recovery of 
fossils from different environments during different pe- 
riods of time. The fossil record has the potential for doc- 
umenting the rate and pattern of evolution, but its irreg- 
ularities have made these data difficult to interpret. 

Hennig emphasized that relationships are most ef- 
fectively demonstrated on the basis of shared derived char- 
acters. Only strictly homologous characters are significant 
in establishing relationships. Homology is established with 
certainty only by the discovery of comparable structures 
in the common ancestor of the groups in question. The 
longer the period of time since the divergence of two 
groups, the more likely that similar characters have evolved 
separately, rather than from a common ancestor. The 
most certain relationships are based on knowledge of the 
earliest fossils of the groups in question. 

The use of derived characters in establishing rela- 
tionships requires prior determination of the direction of 
evolutionary change, or polarity. Polarity can be estab- 
lished on the basis of the fossil record, ontogenetic se- 
quence, and by outgroups comparison. 

Cladograms represent relationships established on the 
basis of shared derived characters. Eventually, we may be 
able to represent all affinities within vertebrates in this 
manner, but as yet the fossil record of most major radia- 
tions is too incomplete to establish the specific sequence 
of successive dichotomous branchings. 

Hennig and other cladists apply the term monophy- 
letic to groups that have a common ancestry and include 
all their descendants. They use the term paraphyletic for 
groups, like reptiles, that have a common ancestry but do 
not include all their descendants. Approximately half the 
recognized taxonomic groups, ranging from species to 
classes, are paraphyletic. Paraphyletic groups can be de- 
fined on the basis of derived features not present in their 
ancestors and the absence of derived features present in 
their descendants. 
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II 



Figure 1-1 shows the broad pattern of vertebrate evolu- 
tion. We recognize eight classes of vertebrates on the basis 
of distinct anatomical and physiological characteristics. 
Each appears to have a monophyletic origin. In cladistic 
terminology, placoderms, Chondrichthyes, birds, and 
mammals are holophyletic, while the Agnatha, Ostei- 
chthyes. Amphibia, and Reptilia are paraphyletic. 

Various groupings of these classes are recognized. 
The Agnatha, Placodermi, Chondrichthyes, and Ostei- 
chthyes may be referred to informally as fish. The term 
Gnathostome distinguishes all the jawed vertebrates from 
the Agnatha. The term Tetrapoda recognizes the common 
origin of the terrestrial classes; the Amniota includes rep- 
tiles, birds, and mammals. 

We know very little about the early stages in the 
evolution of vertebrates. Both the earliest vertebrates and 
their immediate ancestors were almost certainly soft-bod- 
ied animals that were nearly incapable of fossilization. 
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The early vertebrates were capable of being preserved only 
after the development of bone, scales, or teeth. The ca- 
pacity to deposit bone apparently evolved considerably 
after the initial radiation of vertebrates. The earliest known 
members of the major groups are so different from one 
another that their interrelationships are difficult to estab- 
lish. Each group exhibits a mosaic of primitive and derived 
features, and none are close to the anatomical pattern that 
would be expected of primitive ancestors of the other 
groups. 


The body plan of 

PRIMITIVE VERTEBRATES 

Because of the absence of relevant fossils, we must 

establish the relationship of vertebrates to the other 
major groups of multicellular animals largely on the basis 
of living forms. We will begin with a brief description of 
an idealized primitive vertebrate. This model can serve 
simultaneously as a basis for considering the origin of this 
group and as a starting point for the derivation of more 
advanced vertebrates. We can deduce the probable pattern 
of the earliest vertebrates on the basis of features common 
to primitive members of the living fish groups and evi- 
dence from the skeletal anatomy of Paleozoic fossils. 

We may picture the early vertebrates as small ani- 
mals, having a generally fishlike appearance, with a fu- 
siform body and the head closely integrated with the trunk 
(Figure 2-1). The most conspicuous structural features are 
associated with active swimming. A series of segmental 
muscles, the myotomes, extend along both sides of the 
body. Their fibers run longitudinally between transverse 
septae. These septae are anchored medially to the noto- 
chord, a supporting rod that runs the length of the body. 
It is capable of lateral flection but resists longitudinal 
compression and so bends from side to side with con- 
traction of the myotomes. 


Swimming results from waves of muscle contraction 
passing posteriorly down the trunk on alternate sides of 
the body. The most primitive vertebrates lacked paired 
fins, making it difficult to control movements in the ver- 
tical plane, but they may have had fleshy dorsal and caudal 
fins. 

The dorsal hollow nerve cord, which runs the length 
of the body dorsal to the notochord, controls and inte- 
grates movements. Segmental ventral motor nerves extend 
to the muscle blocks; dorsal sensory nerves extend lat- 
erally between the muscles. Anteriorly, the nerve cord 
expands as a brain, associated with specialized paired 
sensory structures for smell, sight, and balance. Lateral 
line organs, extending over the surface of the body, detect 
changes in pressure produced by movement through the 
water. 

Primitive members of most modern fish groups are 
also sensitive to electrical currents, which are detected by 
organs associated with the lateral line system (Bodznick 
and Northcutt, 1981). Sharks and other fish use these 
organs to feed in dark waters and beneath the mud by 
detecting the prey’s electrical activity resulting from nerve 
transmissions and muscle contractions (Boord and Camp- 
bell, 1977). Structures with a similar shape and, one pre- 
sumes, a comparable function are common in many groups 
of early fossil vertebrates (Thomson, 1977), which indi- 
cates that electrical sensitivity was a primitive attribute 
of the group. 

In early developmental stages of all vertebrates, the 
pharynx is pierced laterally by a series of gill slits. In all 
living fish groups, they are associated with thin, lamellar 
gills that provide the main surface for gas exchange. Con- 
traction of the muscles of the mouth and pharynx enable 
fish to feed and breathe. Jaws were absent in the most 
primitive vertebrates, but they may have fed actively on 
small prey that could be engulfed whole (Jollie, 1982; 
Northcutt and Cans, 1983). 

The circulatory system of all aquatic vertebrates in- 
cludes a ventral heart that pumps the blood anteriorly 
and dorsally through a series of aortic arches running 




Figure 2-1. SCHEMATIC VIEWS OF AN ANCESTRAL VERTE- 
BRATE. (a) External view showing conspicuous '-'-shaped myotomes 
separated by myosepta, pharyngeal slits, and paired sensory structures 
of the head. The mouth is not supported hy jaws and there are no paired 


fins. Eilimentous gills were probably absent. The estimated size is 10 
centimeters or less, (b) Sagittal section, showing presence of brain with 
expanded olfaetory, optic and otic areas, notochord, dements of the 
circulatory system associated with the pharynx, and digestive tract. 
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between the gill slits. Blood flows posteriorly through the 
major dorsal vessel. Capillary beds are present in the gills, 
and in association with the digestive system, muscles and 
kidneys, for maximum efficiency in exchanging respira- 
tory gases, products of digestion, and metabolic wastes 
between the animal and its environment. 

The early developmental stages of the excretory sys- 
tem in living vertebrates may reflect the primitive con- 
dition for the group (Romer and Parsons, 1977). The 
kidney tubules, or nephrons, are anteriorly located and 
segmentally arranged. They drain the coelomic fluids and 
may or may not be associated with a tuft of capillary 
tissue. They function both to control the concentration 
of body fluids and to remove metabolic wastes. Ducts that 
drain the tubules extend posteriorly to the cloaca. In the 
primitive state, they are not associated with the gonads, 
although in more advanced vertebrates they are associated 
with the transport of sperm and eggs. 

The sexes in primitive vertebrates were almost cer- 
tainly separate. The paired gonads, as in the lamprey, 
probably expelled both the sperm and eggs into the coe- 
lom, from which they emptied into the cloacal area via 
genital pores. Northcuttand Gans (1983) argue that prim- 
itive vertebrates may have had a distinct larval stage like 
some members of modern fish groups, with a planktonic 
filter feeding habit in contrast with the more active, pred- 
atory adult. 


Invertebrate chordates 

We can recognize vertebrate remains as early as the 

Ordovician on the basis of evidence of a brain, paired 
sensory organs, and bone. As far as we can determine 
from Paleozoic fossils, most of the organ systems of early 
vertebrates already approach the pattern seen in living 
species. The origin of these systems logically lies with even 
more primitive animals. 

Several significant structures evident in primitive ver- 
tebrates — the notochord, dorsal hollow nerve cord, per- 
foration of the pharynx, and the arrangement of the seg- 
mental muscle masses — also occur in more primitive 
metazoans that are collectively termed invertebrate chor- 
dates. Living representatives of this group include the 
cephalochordates, typified by amphioxus, urochordates 
(the tunicates or ascidians), and the hemichordates (pter- 
obranchs and acorn worms). Amphioxus ( Branchios - 
toma) most closely resembles primitive vertebrates in its 
general appearance and way of life (Figure 2-2). 

Except for the graptolites (tiny, colonial animals 
common in the Paleozoic that may be related to the pter- 
obranchs), few invertebrate chordates are known as fossils 
and none provide specific information relevant to the or- 
igin of vertebrates. Pikaia (Conway-Morris, 1979) from 
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Figure 2-2. THE CEPHALOCHORDATE BRANCHIOSTOMA 
(AMPHIOXUS). This living animal provides an excellent model for the 
ancestors of vertebrates that lived approximately 600 million years ago. 
It is dearly more primitive than vertebrates because of the absence of 
a brain and paired sensory organs of the head. The nephridca are paired 
anterior excretory structures unlike those of any known vertebrates. 
Natural size was about 5 centimeters. From Storer and Usinger, 1965. 
Reprinted with permission of McGraw-Hill Book Company. 

the Middle Cambrian is a vaguely fishlike animal that 
may eventually provide more information on early chor- 
dates, but it has not yet been described in detail. Oelofsen 
and Loock (1981) have described a cephalochordate from 
the early Permian of South Africa. 

Although vertebrates and invertebrate chordates must 
have diverged from one another considerably more than 
500 million years ago, amphioxus appears to have re- 
tained the primitive pattern in most of its organ systems 
and may be used as a model of the immediately prever- 
tebrate condition. 

Amphioxus is widely distributed in shallow, near- 
shore marine waters and spends most of its life partially 
buried in the sediments, feeding by filtering particles out 
of the water. Despite its broadly fishlike appearance, am- 
phioxus is distinctly more primitive than fish, lacking a 
brain and all of the specialized sense organs that char- 
acterize the vertebrates. Posteriorly, the dorsal hollow nerve 
cord resembles that of the most primitive vertebrates but 
lacks the ganglia that in more advanced forms join the 
ventral and dorsal nerves. What appear as ventral motor 
nerves, in fact, are actually muscle cells extending from 
the myotomes. 

The notochord of amphioxus differs from that of 
vertebrates by extending to the extreme anterior end of 
the body, but it resembles that of primitive and embryonic 
vertebrates in consisting of a tough fibrous sheath of con- 
nective tissue surrounding cells that are vacuolated to 
produce a rigid structure. 

In contrast with vertebrates, the segmental muscles 
of the body wall in amphioxus extend around the pharynx 
and are joined ventrally by connective tissue, producing 
a cavity external to the pharynx, the atrium. The atrium 
opens posteriorly via the atriopore just anterior to the 
anus. The ventral edge of the muscles lateral to the phar- 
ynx forms ridges, the metapleural folds, which have been 
compared with the paired fins in vertebrates. However, 
their position and composition are entirely different. 
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Figure 2-3. LARVAL STAGE OF THE LAMPREY, TERMED AN 
AMMOCOETE. It is about the size and general appearance of am- 
phioxus and feeds by filtering particles out of the water. The pharynx 
is muscular, in contrast with that of amphioxus, and the brain has the 
same basic plan as other vertebrates. At metamorphosis, its endostyle 
is converted into a thyroid gland, and the configuration of the pharynx 
changes dramatically in relationship to the predatory feeding habits of 
the adult. The eye becomes fully differentiated and the nasal sacs migrate 
from a ventral to a dorsal, median position. 

There are no gills in the pharynx. Because of the small 
body size of amphioxus, exchange of respiratory gases 
through the general body surface is sufficient to maintain 
its relatively low metabolic rate (Ruben and Bennett, 1980). 

Very little musculature is present in the gut, pharynx, 
or mouth of cephalochordates; movement of water and 
food particles is produced primarily by the action of cilia. 
Large amounts of water which carry food particles are 
drawn into the mouth. Most of the water is discharged 
through the slits in the wall of the pharynx. The endostyle, 
a trough-shaped structure extending the length of the ven- 
tral surface of the pharynx, secretes mucus, which traps 
particles of food that are swept back into the gut. This 
mode of feeding provides important evidence for the spe- 
cific relationship of invertebrate chordates to vertebrates; 
the larval stage of the lamprey exhibits a nearly identical 
structure of the pharynx and a similar feeding behavior 
(Figure 2-3). 

Cephalochordates do not have a heart; blood flow is 
maintained by contractile tissue at the base of the aortic 
arches. The general geometry of the circulatory system 
(Figure 2-4) is similar to that of primitive vertebrates, but 
there are no capillary beds, and both red blood cells and 
hemoglobin are missing from the blood. Oxygen is carried 
in solution in the body fluids. 

Amphioxus has peculiar excretory structures situated 
in segmental fashion in the dorsal portion of the pharynx. 
Their association with both the coelom and the circulatory 
system resemble functionally the nephrons of primitive 
vertebrates. Associated structures have been compared 
with the flame cells or solenocytes of flatworms, but a 
more recent study indicates that these cells are similar to 
those that line Bowman’s capsule of the vertebrate kidney 
(Welsch, 1975). Developmental^, however, vertebrate 
kidney tissue appears to be strictly mesodermal in origin, 
while that of amphioxus is thought to be ectodermal (Romer 
and Parsons, 1977). 

The gonads of amphioxus, in contrast to those in 
vertebrates, are numerous, segmental structures. When 
the gametes are fully developed, the gonads rupture and 
discharge sperm or eggs into the atrium, from which they 
are released into the water. The eggs have little yolk and 
the young quickly hatch out as simple larvae that swim 
actively in the plankton. When the young reach maturity, 


they sink to the bottom and take up an almost completely 
sedentary mode of life. 

The most important chordate characters — the no- 
tochord, dorsal hollow nerve cord, and segmentally ar- 
ranged muscles — appear to be specifically evolved for an 
active way of life, including open-water swimming. The 
inactivity of the adult stage of amphioxus, together with 
the oddly asymmetrical early development of the mouth 
and pharynx and the nature of the kidney, may be spe- 
cializations peculiar to the modern cephalochordates. 

THE ORIGIN OF CHORDATE CHARACTERS 

The hemichordates, urochordates, and cephalochordates 
can be interpreted as representing a morphological series 
that shows the sequential evolution of chordate charac- 
teristics. The most primitive hemichordates, the tiny colo- 
nial pterobranchs (Figure 2-5), have no definitive chordate 
features. They feed by filtering food particles out of the 
water, but they do so with tentacles, rather than through 
a series of pharyngeal slits. Acorn worms, including Bal- 
anoglossus, have many pharyngeal slits but no structures 
that can be confidently identified as either a notochord 
or a dorsal hollow nerve cord. 

The adult of most tunicates has a huge pharynx with 
an endostyle and feeds like amphioxus but lacks other 
chordate features (Figure 2-6). In contrast, the larva is 
motile, with both a notochord and a dorsal nerve cord. 



Figure 2-4. THE CIRCULATION OF AMPHIOXUS. The basic pat- 
tern is similar to that of primitive vertebrates but lacks a large muscular 
heart, capillaries, blood cells, and blood pigment. From Young, 1981 
( after Grobben and Zarnik). Reproduced with permission of Oxford 
University Press. 
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Figure 2-5. HEM1CHORDATF.S. (a) Single zooid of Rbabdopleura , a 
ptcrobranch that feeds via tenticles. It has none of the characteristic 
chordate features. A related genus, Cephalodiscus, has a single gill slit. 
Rbabdopleura is a tiny animal that lives in colonies connected by tubular 
structures. From Borradaile et al., I9S9. [b) An acorn worm, which is 
related to pterobranchs on the basis of similar larval stages. It has many 
pharyngeal slits bur lacks a notochord and dorsal hollow nerve cord. 


In most tunicates, these structures are lost after a few days 
when the larva undergoes a complex metamorphosis. Ber- 
rill (1955) elaborated the hypothesis that the notochord 
and dorsal nerve cord evolved within the urochordates to 
facilitate habitat selection via an actively swimming larval 
stage. Habitat selection is clearly a critical problem in a 
group in which most members are attached to the sub- 
strate during their adult life. Berrill further suggested that 
certain urochordates may have prolonged the larval stage 
so that they reached sexual maturity while retaining ju- 
venile locomotor characters. Further elaboration of the 
notochord, nerve cord, and associated musculature would 
result in the structures seen in amphioxus and primitive 
vertebrates. Such prolongation of the larval features, a 
process termed neoteny, occurs in some groups of uro- 
chordates, although in other ways these particular forms 
do not closely resemble cephalochordates or vertebrates. 


Although Berrill’s argument is plausible, Carter (1957) 
and Jollie (1982) have argued that this complex of char- 
acters might have evolved in a free-swimming ancestor of 
both urochordates and cephalochordates and that the at- 
tached adult stage of most urochordates is a specialized 
rather than primitive feature of that group. The origin of 
the major chordate characters remains unclear. 


THE RELATIONSHIPS OF CHORDATES 

Early anatomists and some paleontologists proposed that 
vertebrates may have evolved from specialized members 
of various invertebrate groups including the annelids, ar- 
thropods, and cephalopods. Fundamental differences in 
developmental patterns are now known to distinguish ver- 
tebrates and invertebrate chordates from molluscs and the 
advanced segmented invertebrates, while demonstrating 
affinities with echinoderms. These differences involve the 
geometrical pattern of the early cell divisions, the devel- 
opmental potential of the embryonic cells, and the way 
in which the coelom is formed. 
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Figure 2-6. TUNICATES. (a) Structure of an adult tunicate. Tunic, 
mantle, and upper half of branchial sac removed on left side. Arrows 
indicate path of water currents. It has an enormous pharynx, pierced 
with many rows of slits, but no structure equivalent to the notochord 
or dorsal hollow nerve cord, [b) Diagram of an ascidian larva, showing 
typical chordate characters. Tail muscles are continuous rather than 
being divided into segments. From Storer and Usinger, 1 965. Reprinted 
with permission of McGraw-Hill Book Company. 
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Figure 2-7. (a) Geometrical arrangement of cells characteristic of seg- 

mented invertebrates that results from spiral cleavage. Lateral view. ( b ) 
Arrangement of cells characteristic of chordarcs and echinoderms rhat 
results from radial cleavage. 

A discussion of these differences not only enables us 
to appreciate the relationships of the chordates to other 
groups but is also useful in outlining the basic processes 
of vertebrate development that are necessary in under- 
standing their structure and evolution. 

In the annelid-mollusc assemblage, early cell division 
occurs so that cells in successive rows are nested between 
one another, a process known as spiral cleavage (Figure 
2-7). In this group, the fate of each cell is predetermined, 
so that if one is removed, a particular part of the organism 
fails to develop. This is referred to as determinate cleav- 
age. In the group including chordates and echinoderms, 
early cell division results in radial cleavage, in which the 
cells are directly above one another. If a particular cell is 
removed at an early stage, adjacent cells can compensate 
for its loss, and the embryo develops normally (indeter- 
minate cleavage). 

In primitive members of both groups in which the 
eggs have relatively little yolk, successive cell divisions 
produce a simple ball of cells, the blastula. Cells at one 
end grow inward to form a second layer of tissue. The 
external layer, the ectoderm, forms the outer surface of 
the body. The inner layer, the endoderm, forms the lining 
of the gut. In the annelid-mollusc assemblage, the mes- 
oderm, a third embryonic tissue that will form many of 
the internal structures, develops as a clump of cells be- 
tween the ectoderm and endoderm. The mesoderm splits 
to form the coelom, the major internal body cavity. This 
pattern of coelom development is termed schizocoelic. In 
primitive chordates and echinoderms, the mesoderm de- 
velops as an outpocketing of the gut, a pattern termed 
enterocoelic. 

In most groups of multicellular animals, the opening 
that occurs in the blastula as the result of the infolding 
of the endoderm is retained as the mouth. Animals with 
this pattern are called protostomes. This group includes 
all the animals with spiral cleavage and schizocoelic de- 
velopment of the coelom. In echinoderms and chordates, 
the opening in the blastula becomes the anus, and the 
mouth develops as a separate structure. This group is 
named the deuterostomes, indicating the secondary nature 
of the mouth. Echinoderms and hemichordates also have 
a similar type of larva, the tornaria, in contrast with the 
trochophorc larva of the annelids and molluscs. The pat- 
terns of early development clearly separate the chordates 


and echinoderms from the other major groups of meta- 
zoans. 

Jefferies (1968, 1973, 1975) and Jefferies and Lewis 
(1978) have proposed particularly close affinities between 
one group of animals typically classified as echinoderms 
(the Calcichordata) and the vertebrates. Most of the sim- 
ilarities they cite are based on reconstructions of the soft 
anatomy of the calcichordates, a group known only from 
the early Paleozoic. However, there are no convincing 
similarities if comparisons are limited to the known hard 
skeleton of calcichordates and early vertebrates (Philip, 
1979; Jollie, 1982). 


! The origin of 

VERTEBRATE CHARACTERS 

How can we account for the origin of definitive ver- 
tebrate features such as the brain, specialized paired 
sensory structures, and bone from a pattern like that of 
amphioxus? No existing fossils illustrate an intermediate 
condition. The earliest adequately preserved vertebrates 
show a pattern that is fundamentally similar to that of 
modern genera. 

Northcutt and Gans (1983) recently tackled this 
problem. They point out that most of the differences be- 
tween cephalochordates and vertebrates can be associated 
with three types of tissue. The most important are the 
neural crest cells and the ectodermal placodes. The third 
is the muscular hypomere, the ventral continuation of 
mesodermal tissue beneath the segmental myotonies. This 
tissue accounts for the muscularization of the mouth, 
pharynx, and gut, and the adjacent elements of the vas- 
cular system. This contributes to the development of a 
muscular heart and more active transport of food and 
water used for gas exchange. All are necessary for the 
higher metabolic rate associated with the active vertebrate 
way of life. The elaboration of the hypomere is not dif- 
ficult to account for, since a few muscle fibers are present 
in this area in the invertebrate chordates. Evolution of the 
vertebrate condition requires only amplification of tissues 
already present in more primitive chordates. 

In contrast, the brain and special sensory structures 
of vertebrates do not have obvious homologues in inver- 
tebrate chordates. Northcutt and Gans argue that scat- 
tered epidermal sensory structures, common in primitive 
chordates, which have the capacity for chemical, tactile, 
light, and electrical sensitivity, have become specialized 
and localized in the form of the ectodermal placodes char- 
acteristic of all vertebrates. These placodes develop in the 
head region and form the major portions of the olfactory 
tissue, the eyes (except for the retina, which develops as 
an outgrowth of the diencephalon of the forebrain), the 
sensory structures of the inner ear, and the lateral line 
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organs. A median placode forms the adenohypophysis. 
Taste buds are formed from a series of ventral placodes. 

The peripheral epidermal and perivisceral sensory tis- 
sues may also have been the predecessors of the neural 
crest cells. These cells are unique to vertebrates; they pro- 
liferate at the margin of the neural tube, between it and 
the surrounding ectoderm (Figure 2-8). They then spread 
ventral ly in the head region and migrate throughout the 
body. Either the neural crest cells or other tissues whose 
development they influence contribute to many very dif- 
ferent vertebrate structures, including: 

Dermal skeleton 

Cartilage, bone, and muscles of the jaws and 
visceral arch skeleton 
Some portions of the sensory capsules 
Trabeculae (paired rods that underlie the anterior 
portion of the brain in jawed vertebrates) 
Sensory ganglia of cranial nerves V, VII, IX, and X 
Visceral motor neurons innervating the heart and 
muscles of the aortic arch 
Pigment cells 

Neural crest tissue and/or placodes also contribute to the 
formation of the portion of the brain anterior to the di- 
encephalon. 

Clearly, evolution of the neural crest and placode 
tissue was a major factor in the origin of vertebrates. 
Northcutt and Gans attribute the development of the brain 
and special sensory structures to selection for a more ac- 
tive way of life including predatory feeding, in contrast 
to the nearly passive filtering of food practiced by the 
primitive chordates. However, the specific manner in which 
these tissues became elaborated remains uncertain. 


The origin of skeletal 

TISSUES 

Bone and teeth are unique to vertebrates and vital to 

their sustained success. It is important to consider 
how they may have originated. 

Bone was almost certainly not present in the most 
primitive vertebrates, but evolved separately in several 
lineages. We can deduce this from an examination of the 
fundamentally different patterns of the exoskeleton in each 
major group when they first appear in the fossil record. 
On the other hand the developmental processes and se- 
lective pressures associated with the origin of bone may 
have been similar in all these groups. 

In the earliest fossil vertebrates, bony tissue forms 
only a superficial covering of the body. The earliest ad- 
equately known calcified tissue is that of the middle Or- 
dovician genus Astraspis (see Figure 3-4). It is a complex 
material with features that resemble both bone and teeth 
in modern vertebrates. It consists of a basal layer of lam- 
inar tissue that resembles bone except for the absence of 


lacunae, which in later vertebrates mark the position of 
bone cells, or osteocytes. Because of its acellular nature, 
this primitive bony tissue is given a distinct name, aspidin. 
More superficially, the skeletal material consists of tissue 
that is histologically similar to the dentine and enamel of 
teeth and develops around openings that resemble pulp 
cavities. 0rvig (1968, 1977) uses the term odontode to 
refer to this toothlike complex of tissues. 

The formation of skeletal tissues in modern verte- 
brates is a complicated process involving specialized cells, 
enzymes, mineral salts, and fibrous proteins (Moss, 1964 
and 1968). Developmentally, the cells associated with 
skeletal tissue can be traced to the neural crest cells. Bone 
is deposited as a result of the activity of osteoblast cells 
which appear in the embryonic connective tissue of the 
ectoderm and mesoderm. They deposit a noncellular ma- 
trix containing mucopolysaccharides as well as collagen 
fibers that are capable of being impregnated by calcium 
phosphate. This material crystallizes as a hydrated form 
of the mineral apatite. Controversy still exists over the 
manner in which mineralization of the bone occurs. The 
process may be mediated by an enzyme, or it may occur 
spontaneously when the appropriate concentration of cal- 
cium and phosphate salts is present (Halstead, 1974). 

The deposition of dentine and enamel-like material 
in the scales and teeth of sharks provides an example of 
how tissues resembling the superficial layers of the skel- 
eton of early vertebrates may be formed (Moss, 1977). In 
sharks, bony fish, and terrestrial vertebrates, teeth are 
formed through the integrated activity of both ectodermal 
and underlying mesodermal tissue. The enamel is produced 
primarily by the ameloblast cells of the ectoderm. The 
ectodermal cells also induce formation of the dentine and 
tooth pulp by the underlying odontoblasts. 

It is difficult to understand how such a complex as- 
sociation of specialized cells in different tissue layers could 
have evolved among primitive vertebrates. However, most 
of the chemical constituents were available even in their 
primitive chordate ancestors. Collagen (similar to that in 
many invertebrates) may have been present in vertebrates 



Figure 2-8. CROSS SECTION OF A VERTEBRATE EMBRYO. Pho- 
tograph shows the proliferation of neural crest cells between the ecto- 
derm and the dorsal hollow nerve cord. From Tosney, 19H2. 
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prior to the appearance of bone. Calcium and phosphate 
salts are elements of the body chemistry of all metazoans; 
these salts are involved with energy transfer, transmission 
of nervous impulses, osmotic regulation, and other met- 
abolic processes. However, localization and concentration 
of the salts would have had to be significantly altered 
before they could accumulate as hard tissues. The ances- 
tors of vertebrates may not have had to evolve totally new 
factors to form bone, but they brought together preex- 
isting systems so as to cause its deposition (Hall, 1975). 

0rvig (1968) described aggregates of globular struc- 
tures within the bony tissue of primitive vertebrates and 
suggested that they may have preceded laminar bone in 
evolution. These structures may have been deposited with- 
out the presence of collagen fibers or specific bone cells. 
In contrast, Northcutt and Cans (1983) attribute the for- 
mation of even the earliest ossified tissues to particular 
functional complexes that would require specifically con- 
trolled deposition from the very beginning. 

Our understanding of how ossified tissues evolved 
depends on recognition of their original functions. Struc- 
turally, bone is more effective as a skeletal material than 
calcium carbonate, which is present in many other groups 
of metazoans. It is much stronger and harder, so that a 
smaller amount can be used with the same effect. How- 
ever, it is difficult to visualize how selection would have 
acted to elaborate this tissue preferentially in the earliest 
vertebrates. 

Tarlo (1964) argued that bone originally developed 
not for protection, but as a phosphate reserve. Phosphate 
is both a vital component for energy storage and transfer 
in all vertebrates and a substance that may be available 
in fluctuating amounts in the natural environment. The 
amount of phosphate is frequently a limiting factor in 
population growth. Superficial bone in some Paleozoic 
fish shows changes in its extent that are thought to be 
seasonal and may correspond to the periodic deposition 
and resorption of phosphate. Bone also acts as a calcium 
reserve in all vertebrates. 

Northcutt and Gans (1983) point out that dentine 
and enamel would serve to insulate the electrosensory 
organs present in many primitive vertebrates. They sug- 
gest that these may have been the first tissues to ossify. 
The underlying lamellar bone may have been added later. 
This tissue is not as hard as dentine and enamel, but it is 
much less brittle and would better serve to support the 
sensory tissue. 

We can integrate these ideas into a single scheme. 
Calcium phosphate may have been initially concentrated 
by early vertebrates as a metabolic reserve. With changes 
in the nature of previously existing collagen fibers, this 
material could then crystallize near electrosensory organs, 
thus better insulating them from currents generated within 
the body and giving them better directional resolution. 
Once the capacity to form hard tissues had developed, a 
more complete protective covering could then have been 
formed. 


None of the early vertebrate groups shows evidence 
of a bony internal skeleton. The capacity to ossify tissues 
within the body certainly evolved later than did the ex- 
oskeleton. Unossified cartilage may have preceded bone 
as an internal supporting tissue, but this is difficult to 
demonstrate since cartilage is incapable of fossilization. 
Calcified cartilage has been described in Eriptychius, a 
poorly known jawless fish that accompanies Astraspis in 
the middle Ordovician (Denison, 1956). 

By the early Devonian, many major groups of prim- 
itive vertebrates had evolved the capacity to ossify the 
internal skeleton. In modern vertebrates, ossification of 
the internal skeleton occurs in two stages. Initially, the 
bone is preformed in cartilage. Cartilage is deposited by 
cells from the mesenchyme (the chondroblasts) similar to 
those that deposit bone. Instead of forming collagen fibers, 
they secrete a matrix of sulfated polysaccharide that forms 
a firm gel through which is spread a network of connective 
tissue fibers. The cartilage may remain as such or be re- 
placed by bone. If bone is to be present in the adult, the 
area of cartilage is invaded by blood vessels and the cells 
that had formerly been elaborating cartilage now act to 
break it down. Osteoblasts now begin laying down bony 
tissue. 

Such preformation in cartilage enables jointed bones 
of the internal skeleton (vertebrae, ribs, girdles, and limbs) 
to function during growth. The ends of the bones remain 
cartilaginous until maturity, and bone is formed in the 
more central part of the structure. More superficial bone 
can grow at the edges and does not need to be preformed 
in cartilage. 

The terms dermal and endochondral (or cartilage- 
replacement bone) are used to distinguish the ossified tis- 
sue that forms in the superficial layers of the body from 
those that develop more deeply. Once formed, however, 
they are histologically indistinguishable. 

Although bone, cartilage, dentine and enamel are 
structurally distinct, all are formed by a single class of 
cells, the scleroblast; its manifestation as an osteoblast, 
chondroblast, odontoblast, or ameloblast may be altered 
by changes in the physical or chemical environment of 
the surrounding tissue (Hall, 197 5), which suggests a con- 
siderable degree of plasticity in the expression of skeletal 
tissues throughout their evolutionary history. 


The environment of 

EARLY VERTEBRATES 

It was long thought that the origin of vertebrates was 
associated with movement by their ancestors from 
the sea into fresh water. Romer was the most influential 
advocate of this point of view (Romer, 1968; Romer and 
Grove, 1 935). He argued that evolution of the brain, spe- 
cialized sensory organs, and improved swimming abilities 
resulted from selection in animals that had to swim against 
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the currents of rivers and streams flowing into the ocean. 
Analysis of the structure and function of the kidney (Smith, 
1932) seemed to support the assumption that the earliest 
vertebrates had evolved in fresh water rather than salt 
water. 

Paleozoic vertebrates are found in many depositional 
environments, ranging from marine through estuarine to 
freshwater. Romer argued that the majority were fresh- 
water, and that the marine occurrences resulted from the 
remains of fish being swept out to sea from the mouths 
of rivers. However, if only the earliest fossil vertebrates, 
from the late Cambrian and Ordovician, are considered, 
all the available evidence now points to a marine origin. 
A recent review by Darby (1982) shows that all early 
vertebrate remains are preserved in shallow, near-shore 
marine deposits. There is no evidence from more typical, 
deeper water deposits that early vertebrates lived in the 
open ocean, nor is there any evidence of their presence in 
freshwater deposits prior to the early Devonian. Smith’s 
arguments regarding kidney structure are no longer thought 
to preclude the origin of vertebrates in salt water (North- 
cutt and Gans, 1983). 

The consensus among all persons now working with 
early vertebrates is that this group evolved in a marine 
environment. However, this is partially based on negative 
evidence. Although it is true that no fossil vertebrates have 
been described from freshwater deposits earlier than the 
Lower Devonian, no demonstrable freshwater deposits of 
this age have been described. Perhaps we could recognize 
early Paleozoic freshwater deposits by the presence of 
typical freshwater invertebrates (such as some ostracods 
and gastropods, which are known later in the Paleozoic), 
but none have so far been reported (Copeland, 1983). 

One may still argue that the oldest of all vertebrates 
evolved in fresh water and that the early fossils from 
marine deposits represent a secondary invasion of salt 
water. This hypothesis becomes less likely as primitive 
members of more and more fish groups are found in pro- 
gressively earlier marine deposits. We can also argue that 
vertebrates evolved in a marine environment rather than 
having reinvaded it, for their ultimate origin certainly lies 
among the strictly marine invertebrate chordates. 

Summary 

Because of the absence of bone, there is no fossil 

record of the earliest vertebrates or their immediate 
ancestors. Based on the anatomy of primitive living fish 
and fossils from the early Paleozoic, we can infer that 
ancestral vertebrates were probably small, soft-bodied an- 
imals, lacking jaws and paired fins, but possessing a brain, 
specialized paired sense organs for smell, sight, and bal- 
ance, and electrosensory structures. The pattern of the 
circulatory, reproductive, and digestive systems probably 
resembled those of primitive living fish. The adult was 


probably an actively swimming predator, but there may 
have been a filter-feeding larval stage. 

The presence of a notochord, dorsal hollow nerve 
cord, and pharyngeal perforations, as well as segmental 
body musculature and a postanal tail, are features that 
all vertebrates share with invertebrate chordates. The 
modern cephalochordate amphioxus resembles verte- 
brates in its general body form, but it is a sedentary filter 
feeder throughout its adult life. Hemichordates (ptero- 
branchs and acorn worms) and urochordates (tunicates) 
show progressive elaboration of chordate features, but 
the nature of the origin of the notochord, dorsal hollow 
nerve cord, and pharyngeal perforations has not been 
established. 

Chordates, like echinoderms, are characterized by 
radial cleavage, indeterminant (or equipotential) devel- 
opment, and enterocoelic formation of the coelom, in 
contrast with advanced segmented invertebrates, in which 
cleavage is spiral, development determinant, and coelom 
formation schizocoelic. 

Vertebrates are more advanced than invertebrate 
chordates by virtue of features associated with three dis- 
tinctive tissues, the ventral hypomere, the placodes, and 
the neural crest cells. The ventral hypomere contributes 
to the muscularization of the mouth and pharynx, the 
heart, and the gut. The placodes contribute to the paired 
sense organs of the head and the lateral-line canal organs. 
Neural crest cells form melanocytes and contribute to the 
development of the visceral arches, skull, and other ele- 
ments of the skeleton, as well as the ganglia of cranial 
and spinal nerves. Placodes and neural crest cells may 
have evolved from scattered epidermal sensory structures 
common in invertebrate chordates, but no evidence exists 
to show how this may have occurred. 

Bone was not present in the earliest vertebrates, but 
it evolved separately in many distinct lineages. Bony tissue 
may have evolved initially as a metabolic reserve for phos- 
phate and calcium. It may have served to insulate the 
electrosensory organs in early vertebrates and later be- 
came elaborated to form a protective covering over the 
entire body. 

The transition between invertebrate chordates and 
vertebrates almost certainly occurred in a shallow, near- 
shore marine environment, after which many groups be- 
came adapted to life in fresh water. 
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The Diversity of 
Jawless Fish 

OSTRACODERMS 

Ancestral vertebrates may have broadly resembled 

amphioxus but had a complex brain and associated 
sense organs of smell, sight, and balance. They were prob- 
ably only a few centimeters long but may have been fairly 
active swimmers, despite the absence of paired fins. 

The radiation of vertebrates began in the late Pre- 
cambrian or early Cambrian periods. One or more lines 
not represented in the fossil record until the early Silurian 
developed jaws and became effective predators. Several 
other lineages retained the primitive jawless condition 
(Figure 3-1). These fish, collectively termed the Agnatha, 
were the first vertebrates to achieve dominance. 

The fossil record of jawless vertebrates began when 
they evolved the capacity to form a bony skeleton. The 
early agnathans are commonly termed ostracoderms (shell 
skinned) because of their extensive exoskeleton, in the 
form of a solid carapace, large bony plates, or scales. The 
presence of a bony covering complicated growth in early 
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Figure 3-1. PHYLOGENY OF THE PALEOZOIC AGNATHAN FISHES. 


vertebrates. One of the most important changes we see 
among the ostracoderms is the evolution of different ways 
in which an exoskeleton forms eariy in development to 
allow for continued growth. We may conclude from the 
distinctive nature of the armor that bone probably evolved 
separately in each of the major groups of ostracoderms 
(Halstead, 1982). 

Some ostracoderms with a light flexible covering of 
small scales and a fusiform body may have lived in the 
open water. Others, with heavier armor and a dorsov- 
entralfy flattened body, were presumably benthonic. 


The first adequately known ostracoderms are from 
the Middle Ordovician. They continued as a numerous 
and diverse assemblage into the Silurian and early De- 
vonian, but after the Devonian they are no longer rep- 
resented in the fossil record. The living jawless fish, hag- 
fishes and lampreys, evolved from one or more groups of 
Paleozoic Agnatha. 

Two major groups of Paleozoic Agnatha are recog- 
nized. The Cephalaspidomorphi, or Monorhina, are char- 
acterized by a nasal sac and narial opening that are medial 
in position and confluent with the hypophyseal duct. The 


28 


THE DIVERSITY OF JAWLESS FISH 


Pteraspidomorphi, or Diplorhina, retain what is usually 
considered a more primitive condition in which the nasal 
sacs and, apparently, the external narial openings are paired. 
Members of the Pteraspidomorphi are the first group of 
vertebrates to appear in the fossil record. 

PTERASPIDOMORPHI 
Cambrian and Ordovician 

The oldest known fossils that may be remains of verte- 
brates are phosphatic fragments of late Cambrian and 
early Ordovician age from widely scattered areas in North 
America, Greenland, and Spitsbergen (Figure 3-2) (Re- 
petski, 1978). These fragments are associated with ben- 
thonic trilobites, conodonts, and brachiopods. They are 
only a few square millimeters in area and less than one- 
tenth of a millimeter thick. The surface shows scalelike 
ornamentation but gives no evidence of the overall shape 
of the animal. The chemical composition of the material 
is apatite, the mineral constituent of bone, but the his- 
tology is not readily comparable with that of later, but 
still very primitive vertebrates. These fragmentary remains 
are known as Anatolepis. 

Far more complete remains are known of the genus 
Arandaspis from the lower Middle Ordovician of Aus- 
tralia (Figure 3-3). The bone itself is not preserved in these 
specimens but is represented by molds in the rock showing 
detailed impressions of both internal and external sur- 
faces. Large dorsal and ventral plates cover the head and 
pharyngeal region and smaller lateral (branchial) plates 



Figure 3-2. ANATOLEPIS. Specimens identified as bony fragments of 
fish from the Upper Cambrian and Lower Ordovician, (a and b) From 
the Upper Cambrian, (a) Cross section of plate showing: a, basal lamellar 
layer; b, intermediate cavernous layer; c, superficial layer; approxi- 
mately 175 times natural size (x 175). From Repetski, 1978. ( b ) Frag- 
ment showing outer surface, x 40. Courtesy of Dr. Bockelie. ( c ) Bony 
plate with scales from the Lower Ordovician of Spitsbergen, x250. 
From Bockelie and Fortey, 1 976. Reprinted by permission from Nature, 
260:36-38. Copyright © 1976, Macmillan Journals Ltd. 


cover the area of the gills. Small scales covered the anterior 
trunk region and probably extended posteriorly to cover 
the remainder of the body and tail. The nature of the 
caudal fin is unknown, and paired fins were not present. 
The anterior plates are 6 to 7 centimeters long; we esti- 
mate that the length of the entire fish was 12 to 14 cen- 
timeters. The body is oval in cross section, with the ventral 
plate broadly rounded. Ritchie and Gilbert-Tomlinson 
(1977) suggested that Arandaspis lived just above the bot- 
tom, feeding on organic debris and microorganisms car- 
ried by currents immediately above the surface of the 
sediments. 

Lateral notches for the eyes are near the anterior 
extremities of the dorsal plate. The specimens do not show 
nasal capsules, a pineal opening, or the inner ear. Open 
lateral line canal grooves extend longitudinally along both 
the dorsal and ventral plates. The branchial plates may 
have had as many as 15 rectangular subdivisions, repre- 
senting the position of the gill pouches. They appear not 
to have opened to the exterior; there were probably com- 
mon external branchial ducts leading to a pair of poste- 
riorly placed openings, as in better-known Silurian rela- 
tives. 

The external plates are less than A millimeter thick. 
They show no evidence of growth or of fusion from ini- 
tially smaller units, indicating that they formed only after 
the animal had reached maximum size. The external sur- 
face is ornamented with tiny scales like those of Anato- 
lepis. The internal surface of the plates shows little evi- 
dence of superficial body structures, except for the gills 
pouches. The bone appears to have been almost com- 
pletely superficial to the soft anatomy of the body and 
would have served primarily as a protective covering. 

A second genus, Porophoraspis, accompanies Ar- 
andaspis but is represented only by fragments of dermal 
armor showing a distinct pattern of ornamentation (Fig- 
ure 3 -3d). There is no evidence of an internal skeleton in 
these early vertebrates. 

Bony fragments of two other ostracoderm genera, 
Astraspis and Eriptychius, from western North America 
appear just slightly later in the Ordovician than Aran- 
daspis (Denison, 1967). Thousands of fragments were 
found in a series of localities within a narrow band of 
sediments termed the Harding Sandstone, which extends 
along the foothills of the Rocky Mountains in the western 
United States and Canada. These sediments were almost 
certainly deposited at the margin of the sea and contain 
marine invertebrates as well as fish fragments. Only two 
specimens of Astraspjs have been found that show a sig- 
nificant portion of the carapace (Figure 3-4). The dorsal 
shield is incomplete anteriorly and shows no evidence of 
sensory structures except for a few short segments of open 
lateral line canals. The most striking difference from Ar- 
andaspis is the presence of many distinct plates called 
tesserae that make up the shield. Large tubercles at the 
center of each plate represent the point at which ossifi- 
cation was initiated in small individuals of Astrapis. The 
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Figure 3-3. ARANDASPIS, A MIDDLE ORDOVICIAN HETEROSTRACAN OSTRACODERM FROM AUSTRALIA. ( a ) 
Restoration of body in lateral view. Original length estimated to be 12 to 14 centimeters. ( b ) Cross section of cephalothoracic 
shield, (c) Detail of dermal ornament, {a-c) From Ritchie and Gilbert-Tomlinson, 1977. ( d ) Porophoraspis, dermal ornament 
of a second ostracoderm found with Arandaspis, x 17. Redrawn from photograph in Ritchie and Gilbert-Tomlinson, 1977. 



Figure 3-4. INCOMPLETE DORSAL SHIELD OF ASTRASPIS, x 2. 
Astraspis is a heterostracan ostracoderm from the Middle Ordovician 
of western North America. The shield is made up of numerous tesserae 
that ossify as discrete units and become fused when growth is complete. 
Courtesy of Dr. 0rvig. 


tesserae grew through the addition of smaller tubercles at 
their margins. The shield could thicken by developing 
additional layers of tubercles. 

The histology of the numerous isolated plates has 
been studied in great detail, and its pattern is taken as 
representative of primitive vertebrates (Figure 3-5). The 
plates are relatively thicker than those of Anatoiefftf and 
Arandaspis and consist of three distinct layers — a basal 
laminar layer, a cancellous vascular layer, and a superficial 
layer bearing tubercles, each formed around a pulp cavity. 
A layer of dentine-like material immediately surrounds 
the pulp cavity, and contains many minute tubules ex- 
tending from it. A clear, dense material resembling enamel 
caps the tubercles. 

The bony material does not show the lacunae asso- 
ciated with bone cells in modern vertebrates. As in the 
formation of dentine, the cells apparently escaped rather 
than becoming entrapped in the hard tissue. Ruben and 
Bennett (1980) suggest that the acellular nature of bone 
in primitive vertebrates might have been a response to 
high levels of lactic acid in the blood, resulting from a 
high rate of fermentative metabolism. The skeletal ma- 
terial of Astrasfts, like that of more advanced vertebrates, 
shows evidence of local dissolution and redeposition, in- 
dicating remodeling for growth and repair. 

The second genus from the Harding Sandstone, fcr- 
iptychius, has calcified cartilage in the endoskeleton, which 
is not found in other pteraspidomorphs (Figure 3-5b). 
Unfortunately, the fragments are too incomplete to pro- 
vide information of the overall structure of this fish. 
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Figure 3-5. (a) Asiraspis, vertical section through dermal plate. Several 

generations of mushroom-shaped tubercles, a, have grown over small 
stellate tubercles, b; c, laminar layer; d, vascular layer; e, dentine; f, 
superficial, enamel-like material, x 20. 


(£>) Eriptychius, ostracoderm found with Asiraspis. Cross section show- 
ing globular calcified cartilage, X180. Courtesy of Robert Denison. 
Fieldiana, Geology, 16. By permission of Field Museum of Natural 
History, Chicago. 


The five genera just discussed are all the named ver- 
tebrate remains from the Cambrian and Ordovician. The 
fossil record remains very incomplete until toward the 
end of the Silurian, at which time a variety of vertebrate 
groups are well represented. \ 

The few fish genera known from the Cambrian and 
Ordovician probably represent only a small portion of 
the fauna that was present at that time, judging by the 
absence of ancestors for many groups that appear in the 
Silurian and early Devonian. Some of the early vertebrates 
may not have been ossified and so were not readily fos- 
silized. Others may have lived in environments (including 
freshwater) where preservation was less likely to occur. 

Cyathaspididae 

Of the diverse agnathan families present in the middle 
and late Silurian, the cyathaspids are the most closely 
related to the known Ordovician genera. They are also 
the most primitive of adequately known vertebrates. The '[J 
pattern of their dermal armor may have been derived from 
that of the much earlier Australian genus Arandaspis, and 
the histology of the bone resembles that of Astraspis. 

We recognize nearly 20 genera of cyathaspids, rang- 
ing from the base of the Middle Silurian to the top of the 
Lower Devonian, a period of approximately 50 million 
years. The early specimens are entirely from marine de- 
posits, but there is a gradual transition through marginal 
and brackish water to largely freshwater sediments in 
which the Lower Devonian genera are found (Denison, 
1964). 

The entire body is enclosed by bony plates and scales 
(Figures 3-6 and 3-7). The head and thorax are covered 
by extensive dorsal and ventral plates. The upper margin 
of the long, narrow branchial plates is notched by a single 
pair of excurrent gill openings. Smaller plates border the 
orbits ventrally. A series of plates making up the ventral 


surface of the mouth were probably connected by soft 
tissue to form a flexible scoop. 

Paleontologists have long presumed that these ani- 
mals fed by drawing in water and mud and filtering out 
the food particles in a manner comparable to amphioxus. 
The pharynx as a whole could not be expanded, and 
muscles associated with the gills or a velum must have 
pumped the water and mud. Northcutt and Gans (1983) 
doubt these assumptions, pointing out that these and other 
ostracoderms might have been capable of feeding on soft- 
bodied invertebrates. They question whether enough food 
could have been gained by filter feeding to support the 
metabolic processes of a relatively large and potentially 
active vertebrate. 

The body is oval in cross section, with a tendency 
toward dorsoventral flattening. The caudal fin is laterally 
compressed and nearly symmetrical, although the main 
axis may bend somewhat ventrally. There are no dorsal, 
anal, or paired fins. These fish probably swam with only 
limited control over directional movements and may have 
spent much time resting on the bottom. The openings for 
the eyes are at the side of the dorsal shield, as in Aran- 
daspis. Tubes of the lateral line canals within the cancel- 
lous layer of the bony plates open to the outside by a 
series of pores. 

The endoskeleton is neither ossified nor calcified in 
cyathaspids. The dermal skeleton shows a more intimate 
association with the underlying soft anatomy than was 
evident in Arandaspis, and superficial structures are re- 
flected as impressions on its internal surface (Figure 3-6). 
Some structures are interpreted differently by different 
authors, but the presence of a series of seven gill pouches 
with external openings leading to a pair of excurrent ducts 
is clearly shown. Paired depressions on the inner surface 
of the dorsal shield just posterior to the maxillary brim 
may have housed nasal sacs, and paired notches on the 
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sensory 

canals 

L / 

Figure 3-6. PORASPIS, A CYATHASPID HETEROSTRACAN. Restorations of shield in (a) lateral, (b) dorsal and (c) 
ventral views. Impressions on the inner surface of the shield indicated with dotted lines, x 2. From Moy-Thomas and Miles, 
1971. By permission from Chapman and Hall Ltd. 


maxillary brim may have been nostrils. More posteriorly, 
there are impressions of the brain stem and the pineal 
organ, as well as the anterior and posterior vertical semi- 
circular canals. There is no direct evidence of the hori- 
zontal canal, which is absent in living agnathans, and it 
is usually presumed not to have been present. However, 
, because of its deeper position, it would not have left any 
/ mark on the dermal shield, and it is possible that the 
cyathaspids had the typical vertebrate complement of three 
pairs of semicircular canals. Impressions on the dorsal 
surface of the ventral plate may show the position of the 
endostyle (Halstead, 1973). 

The superficial ornamentation of the dermal armor 
of cyathaspids typically consists of a series of rounded 
ridges of dentine running parallel with the margins of the 


u 

plates (Figure 3-8a). In Tolypelepis (Figure 3-8 b), the ridges 
are broken up in a pattern somewhat reminiscent of the 
tesserae of Astraspis. These units are termed epitega. Un- 
like the tesserae of Astraspis, they are superficial only, 
/and the internal surface of the carapace shows no evidence 
of growth. Cyathaspids apparently ossified the superficial 
layers of their armor early in ontogeny by the progressive 
deposition of dentinal ridges. Once adult size was reached, 
the deeper layers of the carapace ossified rapidly and growth 
was terminated. 


Amphiasp j^lae, Pteraspididae, and Psammosteidae 

The cyathaspids apparently include the ancestors of a 
wide variety of more specialized ostracoderms that ra- 
diated throughout the Devonian. A family of highly mod- 
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(a) Branchial opening 




they spent their lives buried in the mud or in such turbid 
water that sight was of little use. In some genera, the 
mouth opens at the end of a long tube. In several forms, 
the branchial plates extended as lateral keels, and some 
had a narrow dorsal process from the shield as well. Sev- 
i /eral genera have openings confluent with the orbits that 
/ may have permitted the intake of water dorsally — like the 
spiracles of skates and rays — rather than via the mouth, 
which might have been buried in the sediments. The am- 
phiaspids may have evolved from cyathaspids such as 
< Jcnaspts , which tend to fuse the originally separate plates 
of the carapace. Sutures are evident in immature individ- 
uals, and growth may have occurred between or at the 




if) 



Figure 3-7^ RESTORATIONS OF OSTRACODERMS IN LATERAL 
VIEW, (a) Anglaspis, xlj. (b) Pteraspi&f xj. (c) Phlebolepis Mome 
specimens show a row of gill openings beneath the pectoral fin), x 1. 
(d) HemicyclaspiAjS h ■ (e! Pharyngolepis\/x J. (f) Jaymoytius\ ^ L From 
Moy-Thomas and Miles, 1971. By permission from Chapman and Hall 
Ltd. 


ified descendants, the Amphiaspi^dae (Figure 3-9a, b), 
are known from the Lower and early Middle Devonian 
of central Siberia and arctic Canada. In a recent review 
of the group, Novitskaya (1971) recognized nearly 20 
genera. All show nearly complete fusion of the carapace 
and reduction or complete loss of the eyes. Apparently 



Figure 3-8. PATTERNS OF ORNAMENTATION OF DERMAL AR- 
MOR IN HETEROSTRACANS. (a) Ptomaspts, [//. 1. From Denison, 
Fieldiana, Geology, 16, 1964. By permission of Field Museum of Natural 
History, Chicago. ( b ) TolypelepQ, x 2. From Stensio, 1 964. 
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Figure 3-9. DORSAL VIEW OF THE HEAD SHIELD OR CARAPACE OF OSTRACODERMS. (a) and (b), representatives 
of the family Amphiaspididae. (a) Eglonaspis . ®The eyes are lost and the mouth opens at the end of a long tube. xf (b) 
GabreyaspisV Openings lateral to the orbits may be similar to spiracles of skates and rays, xj. (c) Doryaspis peculiar 
pteraspidomorph, X5. (d) The psammosteid Drepanaspis, \. ( e ) Cepna)6spis:b<§. From Moy-Thomas and Miles, 1971. By 

permission from Chapman and Hall Ltd. pg 0 


margins of the plates. However, a continuous layer of 
superficial material covers the plates in adults. 

More typical cyathaspids were succeeded in time and 
anatomical complexity by the pteraspids (Figure 3-7 b), 
animals of a basically similar body pattern and way of 
life. Pteraspids are among the best known, most numer- 
ous, and taxonomically diverse groups of ostracoderms 
(Denison, 1970; Blieck, 1984). The dermal shield shows 
more individual plates than are recognized in the cyathas- 
pids; the plates show evidence of growth in most members 
of the group. In primitive pteraspids, the plates are rel- 
atively small. Like the cyathaspids, these animals elabo- 
rated their armor only when of nearly adult size. White 
(1958) demonstrated a range of plate sizes in later pter- 
aspids (Figure 3-10). The larger plates show growth rings, 


indicating the initiation of ossification at a progressively 
smaller body size. 

Although true paired fins never developed, the pter- 
aspids did evolve laterally and dorsally projecting spines 
that may have served as protection, increased their sta- 
bility in the water, and fixed their position in the mud. 
The trunk and caudal region is covered with smaller, more 
numerous scales than the cyathaspids, giving them more 
flexibility for swimming. The ventral lobe of the tail is 
considerably longer than the dorsal lobe. Many pteraspids 
developed an anterior rostral plate, extending far in front 
of the mouth. The genus Doryaspis (Figure 3-9c) evolved 
an apparently movable pseudorostrum, resembling that 
of a sawfish, together with greatly extended lateral corn- 
ual plates. 
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Figure 3-10. “GROWTH STAGES” IN THE ARMOR OF PTER- 
ASPIDS REPRESENTED BY A SERIES OF SPECIES FROM PRO- 
GRESSIVELY LATER DEPOSITS. Stippled area indicates the extent of 
the armor when it first ossifies; subsequent growth lines are parallel to 
its margin. Other lines show the course of the lateral line canals. From 
White, 1958. 

In time and degree of specialization, the pteraspids 
are succeeded by the family Psammosteidae. This group 
has the same basic pattern of dermal armor, with the 
addition of a postorbital plate. They become more con- 
spicuously dorsoventrally flattened, with both the bran- 
chial fenestrae and the mouth opening dorsally. The ear- 
liest Lower Devonian psammosteids are from river deposits, 

, but by the late Lower Devonian, the best-known genus 
/ Drepanaspis (Figure 3-9 d) is found in strictly marine sed- 
/ iments. The major radiation in the Middle and Upper 
Devonian occurred principally in the area which is now 
the Baltic, but with later distribution throughout northern 
Europe and North America. Obruchev and Mark-Kurik 
(1968) envisage early psammosteids as living at the bot- 
tom of rapidly flowing streams, supported by greatly elon- 
gated branchial plates and specialized ventral plates, some 
in the form of sled runners. However, it is difficult to see 


how their dorsally placed mouth would have functioned 
in this position. Most genera are known only from frag- 
ments, but isolated plates suggest a length of up to 2 
meters. Fields of tesserae between the major plates de- 
veloped in areas of particularly rapid growth in later 
psammosteids. 

The arandaspids, astraspids, cyathaspids, amphias- 
pids, pteraspids, and psammosteids may all be grouped 
in a single order, the Heterostraci. This group is char- 
acterized by the presence of a single pair of external gill 
openings, paired nasal sacs, and an essentially solid car- 
apace over the head and pharynx. They lack endoskeletal 
ossification and bone cells; paired fins never developed. 

Thelodonti 

The coelolepids or thelodonts are frequently allied with 
the heterostracans (Figure 3-7 c). Their anatomy is not 
well known. The entire body is covered with tiny rhom- 
boidal, nonimbricating scales. Without a solid exoskele- 
ton or any internal ossification, these animals are nearly 
always preserved in a flattened condition, making resto- 
ration and establishment of anatomical details very dif- 
ficult. Ritchie (1968b) made the most complete recent 
study of the body form, and Gross (1967) and Karatajute- 
Talimaa (1978) published extensive studies of the histol- 
ogy of their scales and proposed classifications of the 
known genera. 

The body is fusiform in profile but somewhat dor- 
soventrally flattened. The mouth is nearly terminal and 
bordered by several rows of transversely oriented scales. 
A medial indentation immediately posterior to the dorsal 
scales bordering the mouth may represent the position of 
the pineal opening. The orbits are laterally placed, each 
surrounded by two crescentic scales. There is no evidence 
of either lateral narial openings or of a medial opening. 
Exceptionally well-preserved specimens show a straight 
row of approximately eight external gill openings, in con- 
trast to the single pair of gill openings in all adequately 
known heterostracans. The gill openings are located be- 
neath fragile, laterally oriented flaps of tissue identified 
as pectoral fins. In addition, there are small rounded dor- 
sal and anal fins; the caudal fin is hypocercal, that is, the 
main axis is angled ventrally. 

The scales (Figure 3-11) have a crown of dentinal 
tissue over an open pulp cavity. The basal region has no 
bone cells. Two subgroups are recognized on the basis of 
scale structures; the Thelodontida have one to three pulp 
cavities, and the Phlebolepidida have many pulp cavities. 
Some genera show a slightly different pattern of scales 
7 covering the head and trunk, while others have a more 
uniform appearance. The early thelodonts are known from 
marine waters, but later genera are found in both fresh- 
water and marine deposits. 

Adequately known specimens are limited to the Up- 
c per Silurian and Lower Devonian. Isolated scales with a 
I/' similar structure are known as early as the Lower Silurian 
(Karatajute-Talimaa, 1978). 
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Figure 3-11. THELODONT SCALES, (a) Logania scale in dorsal and 
ventral view, x 40. From Turner, 1973. By permission of Blackwell 
Scientific Publications Ltd. ( b ) Cross section of Thelodus scale, showing 
simple pulp cavity characteristic of the Thelodonrida. (c) Cross section 
of Katoporus scale, showing multiple pulp cavities characteristic of the 
Phleholepidida, x25. (b—c) From Moy-Thomas and Miles, 1971. By 
permission from Chapman and Idall Ltd. 


Thelodonts have been classified with heterostracans 
based on the absence of a median nasal opening, a feature 
that clearly differentiates both groups from the cephal- 
aspidomorphs. Since paired narial openings, multiple ex- 
ternal gill openings, and the absence of bone cells are 
apparently primitive vertebrate characteristics, they do 
not indicate specific affinities between thelodonts and other 
groups of primitive fish. The appearance of the armor of 
Lepidaspis, from the Lower Devonian, suggests that thel- 
odont denticles may have been derived from superficial 
dermal ornamentation such as is present in primitive het- 
erostracans (Dineley and Loeffler, 1 976). 


CEPHALASPIDOMORPHI 

Although there is some question as to whether the het- 
erostracans and thelodonts should be classified together, 
a further assemblage of agnathans, the cephalaspido- 
morphs, are more obviously related to one another by the 
common presence of specialized traits. In most cephal- 
aspidomorphs, both the narial opening and the nasal sac 
are single and medial, rather than paired and lateral, as 
in other vertebrate groups. 

A detailed study of the brain and cranial nerves in 
fossil cephalaspidomorphs with heavily ossified endo- 
crania demonstrates a striking similarity to the living lam- 
prey. The lamprey also has a single medial narial opening 
that is known to develop ontogenetically from paired lat- 
eral structures (see Figure 3-17). We presume that the 
medial nostril of cephalaspidomorphs developed similarly 


and that they evolved from more primitive vertebrates 
with paired nasal capsules. 

Not only are the nasal capsule and the narial opening 
uniquely medial in position, but they are also closely as- 
sociated with a duct leading from the pituitary, the hy- 
pophyseal duct. In most cephalaspidomorphs and the lam- 
prey, both emerge from the top of the head in a common 
nasohypophyseal opening. These changes are related to a 
reorganization of the entire anterior portion of the head 
and development of a rostral region that is not directly 
comparable with that of other vertebrates. 

Two groups of ostracoderms that are otherwise very 
different in their basic anatomy exhibit the specialized 
monorhine condition. The anaspids (Figure 3-7e and f) 
are fusiform and similar to thelodonts in body outlines, 
but they are covered with larger, overlapping scales. The 
osteostracans (Figures 3-7 d and 3-9e), often called ce- 
phalaspids, are heavily armored like the cyathaspids, and 
most are strongly adapted for a benthonic way of life. 
The dorsal position of the narial opening may have an 
adaptive advantage for the specialized benthonic osteos- 
tracans, but this is not obvious for the anaspids, which 
appear to be adapted to open-water swimming. At pres- 
ent, we cannot explain the original shift in the nasal cap- 
sules and the hypophyseal duct in the ancestors of the 
cephalaspidomorphs. 

Osteostraci 

The Osteostraci have the best-known anatomy of all 
Paleozoic Agnatha and are frequently used to initiate dis- 
cussions of this assemblage. However, they are neither 
typical nor primitive ostracoderms and are not known in 
the fossil record until the Upper Silurian, as much as 100 
million years after the appearance of the early heteros- 
tracans. They exhibit three advanced features that were 
independently evolved in jawed vertebrates: paired pec- 
toral fins, an ossified endoskeleton, and lacunae for bone 
cells. 

The earliest Osteostraci are known from marginal 
marine and lagoon deposits, but the majority of the later 
genera are found in stream, lake, and delta sediments. 
Their sudden appearance in the fossil record is presumably 
associated with the initial development of dermal ossifi- 
cation. In most, if not all osteostracans, growth must have 
been nearly complete prior to the ossification of the ex- 
oskeleton. 

The tremataspids (Figure 3-12) are the most primitive 
osteostracans. They are known primarily from the Upper 
Silurian, are small, and have a solid carapace covering the 
body as far back as the base of the tail (Denison, 1951; 
Janvier, 1985b). The body is dorsoventrally compressed, 
but the ventral surface is rounded rather than flattened, 
as it is in the more advanced cephalaspids. The configu- 
ration of the armor is reminiscent of the cyathaspids, but 
the gills (approximately 10 in number) open separately 
to the exterior along the anteroventral margin of the car- 
apace. The branchial chamber is compressed anteriorly, 
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Figure 3-12. CEPHALOTHORACIC SHIELD OF THE PRIMITIVE 
OSTEOSTRACAN, TREMATASPiS, xlj. From Stensio, 1964. 

like that of other ostracoderms. The dermal skeleton shows 
no evidence of subdivision into separate areas of ossifi- 
cation, except for the presence of a mosaic of small plates 
ventrally, between the rows of gill openings. The head 
and pharynx are ossified as a unit, incorporating the 
braincase and the gill supports. Small scales cover the 
caudal region. There is no evidence of paired, anal, or 
dorsal fins. 

In the late Silurian and Devonian, the tremataspids 
are succeeded by the better-known ©aphalaspidf, which 
Janvier (1985a) suggests are an unnatural, polyphyletic, 
assemblage. They are more completely committed to a 
benthonic way of life to judge by their broad, flat, ventral 
surface. Nevertheless, they alone among the Agnatha 
evolved muscular paired fins (Figure 3-13). Early trema- 
taspids show no trace of fins. In later genera, the bony 
carapace is reduced and the scale-covered portion of the 
body extends further anteriorly. Lateral ridges develop on 
the head shield, which may extend as horns, or cornua. 
Openings on their posterior margin mark the position of 
the emergence of the nerves, muscles, and blood vessels 
associated with the limb. The pectoral fins are not known 
to have had an internal skeleton. Pelvic fins never devel- 
oped in the Agnatha. 

In osteostracans, the notochordal axis of the tail is 
tilted upward to give the heterocercal configuration that 
is common to sharks and other primitive jawed fish. A 
ventrally directed caudal fin, such as is present in most 
other ostracoderms, would ill suit the benthonic osteo- 
stracans. 

The eyes are crowded toward the midline, nearly 
adjacent to the pineal and nasohypophyseal openings. A 
striking feature of the osteostracans is the presence of 
paired and medial areas of polygonal plates (Figure 3-9e), 
one behind the nasohypophyseal opening and others on 
the lateral margin of the head shield. The polygons are 
formed of very thin layers of superficial bone, and a nar- 
row space separates them from the underlying exoskele- 
ton. The terminal branches of the large nerves of the 
acousticofacialis complex, or fluid-filled tubes extending 
from this region of the brain, ramify within the endos- 
keleton beneath the plates (Figure 3-14#). These areas 
have been termed “electric fields,” because of their su- 
perficial resemblance to the muscles that generate current 
in electric fish. Their relationship to the underlying tubes 
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from the vestibular area of the brain suggests that they 
may have been pressure-sensitive areas. 

The high degree of ossification of the endoskeleton 
among the Osteostraci provides detailed evidence of the 
structure of the brain, cranial nerves, and mouth and gill 
region. This evidence is valuable in evaluating the origin 
of jaws and the ancestry of higher vertebrates. In the 
fossils, the cavities once occupied by the brain, cranial 
nerves, and blood vessels are filled with matrix and can 
be revealed by natural weathering, mechanical removal 
of the surrounding bone, or grinding serial sections at 
close intervals. The configuration of the endocranial cav- 
ities indicates a similar brain structure to that of other 
primitive vertebrates, with particular resemblances to the 
lamprey, Petromyzon. Canals leading from the posterior 
portion of the brain stem indicate that the left and right 
spino-occipital nerves exit alternately and that the dorsal 
and ventral rami do not join to form ganglia — as is the 
case in higher vertebrates — but remain distinct. The semi- 
circular canals appear very large relative to the narrow 
brain stem. Two pairs of vertical canals are present, but 
the horizontal canal is absent. Large canals extend toward 
the lateral sensory fields from the vestibular area. 

On the roof of the mesencephalon, the area occupied 
by the right habenular ganglion (associated with the sense 
of smell) is more expanded than the left, as is the case 
with modern lampreys. The anterior portion of the brain 
stem is expanded laterally to form the telencephalon, above 
which is the unpaired nasal cavity leading to the external 
nasohypophyseal opening. Ventrally, the large hypophy- 
seal duct ends bluntly in the area of the hypophysis. 



Figure 3-13. OSTEOSTRACANS. Diagram shows progressive changes 
in the extent of the carapace and the development of pectoral fins. 
Stippled areas indicate extent of endochondral braincase. After Westoll , 
1958. 



CHAPTER III 


37 





Posterior vertical semicircular canal 



Figure 3-14. INTERNAL STRUCTURE OF THE HEAD OF OSTEOSTRACANS. (a) ffiaeraspis. Recon- 
struction of the endocranial cavities containing the brain and associated sense organs, ventral view. Roman 
numerals identify cranial nerves. From Stensid, 1963. (b)'Hectasphf. Ventral view of orobranchial chamber. 
From Moy-Thomas and Miles, 1971. By permission from Chapman and Hall Ltd. 
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We can expose the oropharyngeal cavity by removing 
the polygonal plates between the gill openings (Figure 3- 
146). The dorsal surface of the cavity typically bears a 
ridge between the mouth cavity and the pharynx, which 
presumably marks the position of a velum. This ridge is 
associated with the Vth or trigeminal nerve, which in- 
nervates the jaws in higher vertebrates. The first gill cham- 
ber is behind the ridge. It is considered comparable with 
the spiracular cleft and is innervated by the Vllth or facial 
nerve. More posterior chambers are associated with nerves 
IX and X. 

The osteostracans emerged in the late Silurian, di- 
versified in the early Devonian, and were extinct by the 
end of that period. 


Galeaspida 

During the past 15 years, the discovery in southern China 
of a host of unusual genera from the Lower Devonian 
demonstrates the presence of an entirely new order of 
jawless vertebrates, the Galeaspida (Figure 3-15). Mem- 
bers of this order have recently been reviewed by Hal- 
stead, Liu, and P’an (1979), Janvier (1984), and Pan Jiang 
(1984). Early descriptions suggested that some of the gen- 
era might be Osteostraci and that others were related to 
the Heterostraci, but additional material indicates that all 
belong to a single distinct group of cephalaspidomorphs. 
This group evolved in isolation, but it paralleled other 
ostracoderm orders in many ways. 

The galeaspids resemble the osteostracans in having 
a heavy carapace and a well-ossified endochondral brain- 
case. In some specimens, infillings of the cranial cavities 
provide considerable structural detail. Like the osteostra- 
cans, the galeaspids have two vertical semicircular canals 
but lack the horizontal canal. Surprisingly, they have paired 
nasal sacs that are associated with a median nasohypo- 
physeal cavity. As in osteostracans, the ventral surface of 
the carapace consists of a mosaic of small plates that lie 
between the multiple gill openings. 

Dorsally, toward the anterior end of the carapace is 
a large opening whose shape differs from genus to genus. 
In Polybranchiaspis (Figure 3-1 5a), it is a transversely 
elongate oval, but in Galeaspis, it is a longitudinal slit. 
In Polybranchiaspis, it was originally interpreted as the 
mouth, but that opening is apparently in the typical po- 
sition on the ventral surface. The dorsal opening may be 
related to the nasohypophyseal organ or another sensory 
structure. The pineal opening does not pierce the dorsal 
shield but is represented by a depression in its ventral 
surface, as is the case in heterostracans. 

In Polybranchiaspis, the dorsal surface of the skull 
is covered by stellate tubercles and has a pattern of sensory 
canal grooves that more closely resembles that of heter- 
ostracans than osteostracans. Dorsal sensory fields, so 
conspicuous in the osteostracans, are not characteristic of 
galeaspids but have tentatively been reported in one genus 
(Halstead, 1982). 


The axis of the tail in galeaspids is inclined ventrally, 
in contrast with that of osteostracans, and no specimens 
show any evidence of paired fins. 


y 


Anaspida 

The anaspids (Figure 3-7e and f) are entirely different 
from the Osteostraci in general body form but have long 
been considered closely related because they have a 
median nasohypophyseal opening. From their first oc- 
currence in the Upper Silurian, anaspids are fusiform an- 
imals with perhaps the most normal fishlike appearance 
c/f all ostracoderms. However, their fin structure sets them 
/Strongly apart from early jawed fish. The axis of the cau- 
dal fin bends ventrally rather than dorsally, giving them 
a reversed heterocercal tail. There is usually a stout spine 
in the shoulder region. No genera have normal pectoral 
or pelvic fins, but some forms have long lateral fin folds 
running most of the length of the body that superficially 
resemble the metapleural folds of amphioxus. While some 
authors suggest that paired fins in fish evolved by the 
subdivision of such primitively continuous folds, the ear- 
liest known osteostracans lack any trace of lateral fins or 
fin folds. 

Typically, the body is covered with small overlapping 
scales composed of laminar bone, resembling the basal 
layer of the dermal plates in other ostracoderms. The scale 
rows appear to correspond with the body segments. 
Dorsal and lateral scale rows are in the pattern of an 
anteriorly facing V, suggesting the outline of myotomes 
in amphioxus, in contrast with the W-shaped pattern in 
living Agnatha and jawed fish. The scales lack bone cells; 
growth occurs at the margins of the scales, and some 
species show a considerable range of body sizes. 

The bony plates covering the head are small but dis- 
tinctly shaped. The orbits are more laterally placed than 
in the Osteostraci, and the pineal opening pierces the 



Figure 3-15. GALEASPID OSTEOSTRACANS FROM THE DEVON- 
IAN OF CHINA, (a) Polybranchiaspis, xi ( b ) SangiaspiQ x If. Cour- 
tesy of Dr. Y.-H. Liu. 
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scales just behind the nasohypophyseal duct. The mouth 
is terminal or nearly so. There are 6 to 15 gill openings 
running diagonally down the flank. No anaspids show 
more than traces of the endochondral skeleton. 

A G 

/ The genera Birkenia, Paryngolcpis, Pterygolepis, and 
J Rhyncbolepis from the Upper Silurian all have substantial 
bony scales. Other anaspids, ranging from the Upper Sil- 
urian Lasanius and Jaymoytius to Endeiolepis and Eu- 
phanerops in the Upper Devonian, have little if any skel- 
etal ossification. 

Anaspids are known primarily from freshwater de- 
[y posits, except for the oldest known genus, Jaymoytius, 
which is from near-shore marine or brackish water de- 
posits (Ritchie, 1968a). 





(b) 



Figure 3-16. LIVING CYCLOSTOMES. (a) The hagfish. PolistotremaS 
(b) The lamprey, Pettmuyi '0i- From Storer and Usinger, 1965. Re- 
printed with permission of McGraw-Hill Book Company. 


Living jawless 

VERTEBRATES 

Most groups of jawless vertebrates became extinct 

by the end of the Devonian, presumably as a result 
of competition and predation from the jawed fish that 
diversified greatly within the Devonian. 

However, one or more lineages survived and gave 
rise to the modern agnathous forms. Two distinct groups 
of jawless fish are recognized today, the Petromyz.ontor, 
idea, which includes the lampreys, and the Myxinoidea-e- 
hagfish and slime hags (Figure 3-16). Together, the mod- 
ern jawless fish are termed cyclostomes because of the 
circular shape of the mouth. Both groups differ from the 
Paleozoic agnathans in the total absence of bone and 
scales. They have an elongate, eel-shaped body, without 
a trace of paired fins. Both lack the horizontal semicircular 
canal. 

The gills are primarily endodermal in origin and are 
located in pouches, medial to the muscular wall of the 
pharynx. We assume that the gills of the ostracoderms 
were also medial to the wall of the pharynx and the gill 
supports. The visceral skeleton, which is well developed 
in the lamprey, is a basketlike structure, quite unlike the 
jointed visceral arches of gnathostomes. 

Although both lampreys and hagfish have a medial 
nasal opening confluent with the hypophyseal duct, the 
relative position of the opening is quite different in the 
two groups. It is dorsal in the lamprey, more or less be- 
tween the eyes, while in the Myxinoidea it opens ante- 
riorly and is continuous with a duct that leads into the 
pharynx. This passage allows water to be drawn into the 
gill pouches when the mouth is occupied with feeding. A 
muscular pump developed from the velum moves water 
for respiration. In lampreys, water can be pumped directly 
in and out of the gill pouches. Muscles in the pharyngeal 
wall compress the visceral arch skeleton as the gill pouches 
are emptied. They expand as a result of elastic recoil of 
the cartilage (Northcutt and Gans, 1983). 


The gill pouches of the lamprey open directly to the 
exterior. The myxinoids’ gill pouches exit via posteriorly 
directed branchial ducts that lead to a variable number 
of excurrent openings. The presence of only a single pair 
of excurrent openings in some hagfish led Stensio (1964) 
to ally them with the heterostracans. The variability of 
this feature among the myxinoids suggests that it probably 
evolved within this group, rather than being inherited 
from ancestors in which this trait was always expressed. 
Its development among the myxinoids is attributed to 
their burrowing habits. 

Lampreys and hagfish are also divergent in other 
structures and habits, suggesting a long and separate his- 
tory whatever their specific ancestry. 

Hagfish are entirely marine and live in burrows in 
soft sediments on the continental shelf. Their sensory or- 
gans are poorly differentiated, which may reflect a com- 
bination of their primitive state and degeneration asso- 
ciated with life in the mud. The eyes show most of the 
basic components common to other vertebrates, but their 
development is equivalent to that of the larval lamprey. 
They are covered with thick but translucent tissue. Their 
limited sense of vision is supplemented by the presence of 
sensory tentacles surrounding the mouth. The two pairs 
of dorsal semicircular canals are poorly differentiated from 
one another, which may be a primitive feature. 

Hagfish have horny plates on either side of a protru- 
sible tongue, which can be spread apart or folded together 
like pincers to grasp and bite into prey. They feed mostly 
on polychaete worms but also attack dead and dying fish 
whom they may enter by the mouth and consume the soft 
tissues from the inside. The young hatch out as miniatures 
of the adult, without a larval stage (Brodal and Fange, 
1963). 

Most lampreys spend their adult life in the sea and 
come into fresh water to reproduce. The larval stage, 
termed the ammocoete, is so different from the adult that 
it was originally considered to belong to a distinct taxon 
(see Figure 2-3). The similarities of the pharynx and feed- 
ing behavior to those of amphioxus were emphasized in 
Chapter 2. The ammocoete differs significantly in using 
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the muscular walls of the pharynx to pump water in and 
out, rather than relying on cilia as do the cephalochor- 
dates. The filter-feeding larval stage may last for several 
years. The entire head and pharynx are reorganized at 
metamorphosis. The nostril and the hypophyseal duct mi- 
grate from the primitively ventral position to the top of 
the head, behind an enlarged rostral area (Figure 3-17). 
The mouth is transformed into a circular sucker that is 
used by the adult lamprey to attach to fish on which it 
feeds. Rows of epidermal structures resembling teeth line 
the sucker and cover the protrusible tongue. The endostyle 
is transformed into a thyroid gland, and the pharynx be- 
comes displaced so that the esophagus passes directly into 
the gut. The possibility of such an extensive metamor- 
phosis among some ostracoderms provides a new way 
of looking at the differences between the major groups 
(Halstead, 1982). 

Because of the medial dorsal position of the nasal 
opening and its association with the hypophyseal duct, 
many authors believe that lampreys have affinities with 


the cephalaspidormorphs. The closest resemblance lies with 
the anaspids, which have fusiform bodies and relatively 
poorly developed fins. In particular, genera such as Jay- 
moytius (Figure 3 - 1 8 zz ) and Endeiolepis, which have re- 
duced body armor, approach the condition of the boneless 
lampreys and hagfish. As in lampreys, the gill pouches of 
Jaymoytius are circular and an annular cartilage supports 
the mouth. 

Recent discoveries of fossil lampreys from the Up- 
per Mississippian of Montana (Janvier and Lund, 1983) 
^nd the Middle Pennsylvanian of Mazon Creek, Illinois 
|Bardack and Zangerl, 1968, 1971; Bardack and Rich- 
ardson, 1977) provide evidence of the specific origin of 
cyclostomes. The similarities in position and configura- 
tion of the cartilaginous elements of the head in the fossil 
I Mayomyzon (Figure 3-186) and the modern lamprey are 
striking. Epidermal teeth are not evident in Mayomyzon, 
but the general structure of the mouth indicates a mode 
of feeding similar to the lamprey. The olfactory, optic, 
and otic capsules are similarly supported and are com- 
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Figure 3-17. Comparison of the developmental stages of the recent Myxinida (a—c) and Petromyzontida 
id-f). Prom Heintz, 1963. Reprinted by permission of Norwegian University Press. 
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parably positioned relative to the remainder of the head. 
In both, there are seven external gill openings, posterior 
to which a perichordal cartilage anchors the piston car- 
tilage to the tongue. MayomyzQti is similar to the living 
lamprey but is placed in a distinct family because of the 
absence of rasping “teeth” and the simplicity of the bran- 
chial skeleton. HardtstieMd from the Upper Mississippian 
retains a hypocercal tail and an anal fin with fin rays, in 
common with both anapsids and thelodonts. 

In contrast with their similarities to the lamprey, 
Mayomyzon and Hardistiella show no specialized features 
of the second living cyclostome groups, the hagfishes. 
Stensio (1964) argued that the hagfishes evolved from the 




Annular cartilage 


Figure 3-18. ANASPIDS AND CYCLOSTOMES. (a) The oldest an- 
aspid, ^jymoyt/«srshowing internal structure of the head region, x lp 
(b) Mayomyzonf^ lamprey from the Middle Pennsylvanian, x 4. ( a-b ) 
from Moy-Thontas and Miles, 1971. By permission from Chapman and 
Hall Ltd. (c) Petromyzon, a modern lamprey. From Young, 1950. Re- 
produced with permission of Oxford University Press. 


heterostracans and suggested that the nasal sacs in hag- 
fishes were derived from paired structures, comparable to 
those of the pteraspids. Since the nasal sacs in all verte- 
brates appear to be derived embryologically from paired 
placodes, this argument has little weight. Nevertheless, 
Biochemical as well as structural evidence points to an 
barly divergence of hagfishes from the anaspid-lamprey 
stock. Certainly the two lineages must have separated long 
(before the appearance of Mayomyzon — a definite lam- 
prey — in the Carboniferous. The structural peculiarities 
of the hagfishes may result from their divergence prior to 
the appearance of any of the known fossil monorhines. 

Bardack (1986) has recently reported a fossil hagfish 
of essentially modem morphology from the same locality 
that yielded Mayomyzon. It provides no specific evidence 
as to the origin of this group. 

Interrelationships 

of PRIMITIVE 
VERTEBRATES 

The nature of the interrelationships of the major groups 

of jawless vertebrates remains uncertain. It is possible 
that additional fossils will be found in the late Cambrian 
and early Ordovician, but the sudden appearance of sev- 
eral ostracoderm groups, each with a distinct pattern of 
dermal armor, indicates that they may have had a long 
history without a bony skeleton. In its absence, the chances 
of fossilization are limited. Additional information from 
later fossils and more complete understanding of the struc- 
ture and developmental processes of living jawless fish 
may contribute to establishing their interrelationships, but 
this seems a distant goal. 

Several recent papers deal with the interrelationships 
of primitive vertebrates. All stress the use of derived char- 
acters to establish affinities and make use of essentially 
the same characters that have been discussed here. Dif- 
ferences in the interpretations of polarity and emphasis 
on different characters have led to divergent conclusions. 

Janvier (1981) argues that the Myxinoidea and the 
heterostracans are relatively closely related to one another 
but not to other vertebrates; he maintains that ptero- 
myzontoids, osteostracans, and jawed vertebrates share a 
common ancestry. 

Halstead (1982) suggests that the lampreys are closely 
related to the cephalaspidomorphs but have no close af- 
finities to hagfish. He allies the heterostracans with the 
jawed vertebrates, primarily on the assumption that paired 
nasal openings are derived, rather than a primitive feature 
of vertebrates. He argues that the cyclostomes are prim- 
itive because of their total absence of armor and paired 
appendages. 

Schaeffer and Thomson (1980), who emphasize the 
modern genera in establishing relationships, stress the close 
affinities of the two groups of cyclostomes. They argue 
that the pattern of development and the adult structure 
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of the gills dearly separate the modern Agnatha from 
gnathostomes. In both cyclostome groups, the gills are 
primarily endodermal in origin and are medial to the vis- 
ceral skeleton and the muscular wall of the pharynx. In 
jawed vertebrates, the gills are ectodermal in origin and 
lateral to the gill arches. Neither condition is plausibly 
antecedent to the other, indicating that the gills were little 
developed in the primitive vertebrates that were ancestral 
to both the Agnatha and to gnathostomes. 

Yalden (1985) recognized 11 synapomorphies that 
unite the feeding structures of lampreys and hagfish and 
concluded that the cyclostomes are a natural group. He 
included the Myxinoidea within the Cephalaspidomorphi 
and emphasized the fundamental differences between both 
groups of cyclostomes and gnathostomes. 

In marked contrast, Forey (1984) argues that lam- 
preys are the sister group of gnathostomes, while Janvier 
(1984) finds evidence that the osteostracans are most closely 
related to the gnathostomes. These papers stress particular 
derived characters that are shared by one or another group 
of agnathans and jawed vertebrates, but neither author 
establishes that these characters are homologous. They 
provide no direct evidence that the characters they use to 
unite the gnathostomes with either the lampreys or the 
osteostracans were present in the immediate common 
ancestors of these groups. 

Summary 

Primitive members of the class Agnatha are known 

from the late Cambrian to the end of the Devonian. 
All have a covering of scales or an external bony carapace. 
They are referred to collectively as ostracoderms but are 
formally divided into two subclasses, the Pteraspidomor- 
phi and the Cephalaspidomorphi. 

The earliest remains of possible vertebrates are small 
fragments of phosphatic plates from the late Cambrian. 
Five pteraspidomorph genera are known in the Ordovi- 
cian. Arandaspis, from the middle Ordovician of Aus- 
tralia, is represented by remains of most of the carapace. 
Astraspis provides our earliest knowledge of the histology 
of bony tissue. Unlike most modern vertebrates, it lacks 
lacunae for bone cells. 

The Cyathaspididae range in age from the middle 
Silurian into the early Devonian and are the earliest ver- 
tebrates for which the entire body form is known. The 
head and trunk were completely encased in bony plates 
that ossified when they reached adult size, precluding fur- 
ther growth. The tail was symmetrical and covered with 
overlapping scales. Paired fins were absent. There was no 
internal ossification, but impressions of the inner surface 
of the carapace show the outline of the dorsal surface of 
the brain, two pairs of vertical semicircular canals, and a 
series of gill pouches that had a common external exit. 
The eyes were laterally placed and the nasal sacs paired. 


Cyathaspids may include the ancestors of the Am- 
phiaspididae, Pteraspididae, and Psammosteidae, which 
were common in the Devonian. All are included in the 
order Heterostraci. 

The thelodonts, known from the early Silurian through 
the early Devonian, were small, fusiform, and completely 
covered by rhomboidal, nonimbricating scales. Like the 
Heterostraci, the orbits were lateral and there is no trace 
of an internal skeleton. However, the gill pouches had 
individual external openings, and there are fleshy lateral 
structures that have been identified as pectoral fins. Thel- 
odonts retain many features found in the most primitive 
vertebrates, but almost nothing is known of their internal 
anatomy and their phylogenetic position remains subject 
to speculation. 

Osteostracans, galeaspids, and anaspids are members 
of the Cephalaspidomorphi; they are distinguished from 
the Pteraspidomorphi because they possess a medial na- 
sohypophyseal opening in contrast with the paired lateral 
narial openings of other vertebrates. Osteostracans, in- 
cluding the cephalaspids, are the best known of all ostra- 
coderms. Their internal skeleton is heavily ossified, show- 
ing the configuration of the brain and other cranial 
structures in great detail. They definitely lack a horizontal 
semicircular canal. The head is characterized by paired 
and medial dorsal sensory fields. Pectoral fins evolved 
within the group. In most genera, the body is strongly 
dorsoventrally flattened and they were probably ben- 
thonic. 

The galeaspids are common in the Lower Devonian 
of China. Like the osteostracans, they have an ossified 
endocranium and medially placed orbits. They differ in 
having paired nasal capsules, although they are associated 
with a medial nasohypophyseal passage. The anaspids 
were fusiform and presumably actively swimming fish, 
with small overlapping scales and a reverse heterocercal 
tail. 

Both groups of modern agnathans, the lamprey and 
hagfish, appear in the Carboniferous. They completely 
lack bones, scales, and paired fins. The lampreys may have 
evolved from anaspid cephalaspidomorphs such as Jay- 
moytius and Endeiolepis that appear to have reduced or 
lost their body scales. There is no specific evidence to 
establish the origin of the hagfish. Much remains to be 
learned concerning the relationships among the early jaw- 
less vertebrates. 
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The origin of jaws 

One of the most important advances among primitive 
vertebrates was the evolution of jaws, which allowed 
the development of a truly predatory way of life. The 
early jawed vertebrates were also advanced over the Ag- 
natha in having well-developed pelvic and pectoral fins 
and a braincase resembling that of modern jawed fish. 

Jawed fish are first found in the Lower Silurian, some 
100 million years after the appearance of the ostracod- 
erms. None of the known agnathans are likely ancestors. 
Differences in the structure of the braincase and gill sup- 
ports indicate that the two groups diverged prior to the 
appearance of the earliest fossil agnathans in the late Cam- 
brian. Differences in the position and development of the 
gill filaments indicate that they evolved separately in the 
two groups (Schaeffer and Thomson, 1980) (Figure 4-1). 
The medial position of the gill supports in jawed fish may 
have been a response to the need to protect the gill fila- 
ments from large food particles passing down the throat. 
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Figure 4-1. COMPARISON OF THE POSITION OF THE GILL FIL- 
AMENTS AND GILL SUPPORTS IN AGNATHA AND JAWED VER- 
TEBRATES. In the modern lamprey (left), the gill filaments are medial 
to the gill supports; in the jawed fish, they arc lateral. Because the 
filamentous gills differ in both their position and their pattern of de- 
velopment in the two groups, they probably evolved independently in 
Agnatha and gnathostomes. The most primitive vertebrates were prob- 
ably so small that specialized surfaces for gas exchange were not nec- 
essary. The sequence of the cranial nerves can be used to identity the 
relative position of the gill arches in the two groups. This evidence 
indicates that the division between the mouth and pharynx is homol- 
ogous in lawed and jawless fish. There is no convincing evidence in 
either group that there were once gill pouches in the area of the mouth, 
as would be the case if the palatoquadratc and Meckel’s cartilage evolved 
from gill supports in ancestral vertebrates, from Moy-Thomas and Miles , 
1971. By permission from Chapman and Hall Ltd. 


In many Paleozoic agnathans, the gill supports are inte- 
grated with the cranium; in the gnathostomes, they are 
separate, jointed elements. In both agnathans and jawed 
vertebrates, the gill supports are derived from neural crest 
cells rather than from the mesoderm (the embryonic tissue 
that gives rise to most of the skeleton), but the evolution 


of the visceral arch skeleton clearly followed different 
pathways in the two groups (Figure 4-2). 

The resemblance between the jaws and gill supports 
in jawed fish, especially primitive sharks (Figure 4-3), sug- 
gests that jaws may have evolved through the speciali- 
zation of a more anterior pair of visceral arches. The jaws, 





Figure 4-2. Reconstruction of the possible sequence of changes in the 
structure of the mouth and pharynx from ancestral vertebrates to prim- 
itive members of the agnatha and primitive jawed fish, (a) Hypothetical 
ancestral vertebrate. The mouth cavity is a distinct structure anterior to 
the pharynx, which is pierced by a series of paired gill slits. No skeletal 
tissue is associated with the mouth or pharynx, and gill filaments are 
absent. The olfactory sac, eyes, and otic capsule are paired sensory 
structures. The olfactory capsule is ventral. ( h ) Agnathans, as exempli- 
fied by cephalaspidomorphs and cyclostomcs, in which the olfactory sac 
has migrated to a dorsal position and has a single, medial opening. In 


these agnathans, the gill filaments are medial to the gill supports and 
the gill supports are closely integrated with the head, (c) Ancestral jawed 
vertebrates. The nasal capsule has maintained its primitively paired and 
ventral condition. The gill supports and the palatoquadrate and Meckel’s 
cartilage have evolved essentially simultaneously by the utilization of 
tissue generated from the neural crest cells. The trabeculae, which arc 
paired structures that underlie the front of the braincase, develop sim- 
ilarly from neural crest cells, from Moy-Thomas and Miles , 1971. By 
permission from Chapman and Hall Ltd. 
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Figure 4-3. THE BRAINCASE, JAWS, AND GILL SUPPORTS OF 
THE CARBONIFEROUS SHARK COBELODUS. This general pattern 
is common to primitive sharks and early bony fish. The similarity in 
postion and structure of the jaws to the gill supports has led to the 
hypothesis that jaws evolved from structures that originally functioned 
as gill supports. The hyomandibular serves simultaneously as a gill sup- 
port and as a link between the jaws and braincase. Like the jaws, the 
gill supports have a hingelike articulation between the dorsal and ventral 
units. From Zangerl and Williams, 1975. Abbreviations: cbi, first cer- 
atobranchial; ch, ceratohyal; ebi, first epibranchial; h, hyomandibular; 
m, Meckel’s cartilage; pq, palatoquadrate. 


like the gill supports, have hinged dorsal and ventral com- 
ponents that are bent forward. The muscles that close the 
jaws are comparable to those that constrict the gill slits. 
The dorsal portion of the first gill support, the hyoman- 
dibular, is enlarged and links the jaws with the braincase. 

In addition to the jaws and gill arches, the trabeculae 
(paired cartilages that support the anterior portion of the 
braincase) also develop from neural crest cells in jawed 
vertebrates. Because the trabeculae are positioned anterior 
to the jaws, some authors suggest that they evolved from 
another, premandibular gill arch. This assumption implies 
that there may have been yet another pair of gill pouches 
in the position of the mouth in the ancestors of jawed 
vertebrates. Evidence from agnathans seems to contradict 
this hypothesis. In both cyclostomes and osteostracan os- 
tracoderms, the Vth nerve (which innervates the jaws in 
gnathostomes) is associated with the ridge or velum that 
separates the mouth from the pharynx (Figure 3-14 b). No 
ostracoderm shows evidence of a gill pouch anterior to 
the mandibular arch, nor is there convincing evidence for 
their previous existence in jawed vertebrates, which sug- 
gests that the mouth was distinct from the pharynx in all 
vertebrates and is in a comparable position in Agnatha 
and gnathostomes. 

Based on this reasoning, we now think that the 
palatoquadrate and Meckel’s cartilage evolved originally 
in association with the mouth and were never gill sup- 
ports. In the ancestors of the modern jawed fish, the hy- 
omandibular apparently had a dual role from the time of 
its origin, serving as a gill support and linking the brain- 
case with the jaws. According to Schaeffer (1975), the 
trabeculae evolved as discrete structures to support the 
anterior portion of the braincase when the integrative 


centers of the brain in early jawed fish were enlarged as 
both a predatory mode of feeding and more sophisticated 
swimming patterns developed. 

Several groups of jawed vertebrates are first repre- 
sented in the fossil record in the late Silurian and early 
Devonian. The major classes of modern fishes, the bony 
fish and sharks, first appear at this time, as do two archaic 
groups, the acanthodians and the placoderms. The acan- 
thodians show a combination of features that suggest a 
relationship to modern jawed fish. 

In contrast, placoderms differ in many features of 
their anatomy, particularly in the structure of their jaws 
and teeth. In modern jawed fish, the endochondral ele- 
ment of the upper jaw, the palatoquadrate, is medial to 
the major jaw-closing muscles. In primitive placoderms, 
the palatoquadrate is closely integrated with the cheek 
and thus is lateral to the space occupied by the jaw mus- 
cles, Most placoderms have large bony plates attached to 
the margins of the jaws (instead of teeth), and none show 
the pattern of regular tooth replacement common to other 
jawed fish. These differences suggest that placoderms 
evolved from a lineage of primitive jawed vertebrates other 
than those that gave rise to the Osteichthyes and Chon- 
drichthyes. 


! Placoderms 

Placoderms are a peculiar assemblage of heavily ar- 
I mored jawed fish. They appeared first in the Lower 
Devonian and radiated throughout that period, but only 
one or two genera survived into the Lower Carboniferous 
(Figure 4-4). Not only do placoderms lack any living de- 
scendants, but because of their massive external armor, 
they are also without modern analogues, making their 
ways of life particularly difficult to interpret. 

Some of the earliest known Lower Devonian placo- 
derms resemble the early heterostracan ostracoderms in 
that the entire head and trunk region is encased in bone, 
with only the short scaly tail exposed posteriorly (Figure 
4-5). In most genera, the exoskeleton is distinctive in hav- 
ing a clear separation between the armor covering the 
head and trunk. Each unit is further subdivided into smaller 
plates that are capable of growth at their margins. Prim- 
itively, the armor was similar histologically to that of 
osteostracans in having three distinct layers and lacunae 
for bone cells. 

Most placoderms are dorsoventrally compressed, and 
some are very flattened. Together with their heavy armor, 
this suggests a basically benthonic way of life. The brain- 
case is heavily ossified in primitive forms, and the elements 
of the upper jaw are attached directly to the undersurface 
of the cheek and braincase. Some genera have small tooth- 
like structures, but most have one or two large bony plates 
in the upper jaw and a single pair in the lower. Unlike 




CHAPTER (V 


47 



Figure 4-4. GRAPHIC REPRESENTATION OF THE RADIATION 
OF PLACODERMS. Solid lines represent the known fossil record of 
each group and dotted lines indicate probable range extensions and 
possible relationships The fossil record of this group is almost completely 
limited to the Devonian. The nature of their relationships to bony fish 


and sharks, both of which appear in the Silurian, remains uncertain. 
Only a few fossils of placoderms are known in the Carboniferous. The 
placoderms are the only totally extinct vertebrate class. From Denison, 
1975. 


the ancestors of the modern jawed fish, placoderms lack 
a spiracle. The water from the gills was apparently ex- 
pelled through the gap between the cranial and trunk 
shields. 

In contrast with the ostracoderms, ossified neural and 
haemal arches reinforce the notochord in several groups. 
To facilitate raising the head, nearly all placoderms have 
the anterior elements fused into a composite structure, 
the synarcual, which articulates with the occipital con- 
dyles. The paired articulating surfaces ensure that move- 
ment is restricted to the vertical plane. 

The presence of jaws probably required that the head 
was movable relative to the trunk, at least in benthonic 
genera, suggesting that the separation between the cranial 
and trunk armor developed when the exoskeleton first 
evolved. 

All genera had pectoral and pelvic fins, but none are 
known to have had an anal fin. The tail is typically het- 
erocercal. During the Devonian, several groups of pla- 


coderms adaptated toward a more open-water (nectonic) 
habit, with a reduction in the thickness and extent of the 
dermal armor and a loss of endoskeletal ossification re- 
sulting in a loss of weight and a freeing of the trunk and 
tail for more active swimming. Other placoderms inten- 
sified their benthonic habits and some spread from the 
marine environment into fresh water. 

There are two schools of thought regarding the his- 
tory of ossification within the Placodermi. Stensio (1963), 
Moy-Thomas and Miles (1971), Miles and Young (1977), 
Young (1980), and Goujet (1984b) hold that the most 
primitive members of the group were heavily armored 
and that reduction of the skeleton was a feature common 
to several orders. In contrast, Gross (1963) and Denison 
(1975, 1983) suggest that the most primitive pattern is 
exhibited by genera such as Stensioellc1}(see Figure 4-20), 
in which there are no large bony plates but a mosiac of 
tesserae — small superficial dermal elements without a basal 
layer of laminar bone. 
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Figure 4-5. THE EARFY ARTHROD1RF. SICASPISQx IT (a) Lateral 
view of body; neither the paired fins nor the end of the tail is known 
in this genus. ( b ) Dorsal view of head and thoracic shield, (c) Ventral 
view of thoracic shield and base of tail. From Denison, 1978. Sigaspis 
shows the complex pattern of dermal armor that is common to many 
placoderms. Such an extensive external skeleton is probably a primitive 
feature of arthrodires. This condition probably evolved rapidly within 
the early placoderms, which may initially have been covered with small 
denticles or tesserae as in the genus Stensioella (see Figure 4-20). The 
pattern of the dermal plates in placoderms is not comparable with that 
of the dermal bones in bony fish. The names used here are unique to 
this group. The general arrangement of the dermal plates is similar in 
most placoderm orders. Differences in the configuration of individual 
plates and their apparent fusion, breakup, and loss are important fea- 
tures in evaluating possible relationships within this group. Abbrevia- 
tions as follows: 

adl, anterior dorso-lateral plate; al, anterior lateral plate; amv, anterior 
medio-ventral plate; an, anus; ap, anal plate; asg, anterior superogna- 


(c) 



thal; av, antero-ventral plate; avl, anterior ventro-lateral plate; cc, cen- 
tral sensory line; ce, central plate; dend, endolymphatic duct; exc, ex- 
trascapular plate; fs, flank scales; hm, hyomandibula; Ic, main lateral 
line canal; II, intero-lateral plate; iocot, infraorbital sensory line, otic 
branch; md, median dorsal plate; mg, marginal plate; mpl, middle pit 
line; mr, dorsal ridge plate; ncav, nasal cavity; nu, nuchal plate; oc, 
occipital cross commissure; orb, orbit; pdl, posterior dorso-lateral plate; 
pf, pectoral fenestra; pi, pineal plate; pi, posterior lateral plate; pig, 
pelvic girdle; pmc, postmarginal sensory line; pmg, postmarginal plate; 
pmv, posterior medio-ventral plate; pn, paranuchal plate; pna, postnasal 
plate; ppl, posterior pit line; pq, palatoquadrate; pro, preorbital plate; 
psg, posterior superognathal; pso, postsuborbital plate; psoc, postsub- 
orbital sensory line; psp, parasphenoid; ptn, postnasal plate; pto, post- 
orbital plate; pvl, posterior ventro-lateral plate; qu, quadrate; ro, rostral 
plate; scl, sclerotic plate; sm, submarginal plate; so, suborbital plate; 
sp, spinal plate; VII, seventh cranial nerve; IX, ninth cranial nerve; X, 
tenth cranial nerve. 
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Although remains of both cartilaginous and bony fish 
are known from the Upper Silurian, no fossils of placo- 
derms are recognized from beds older than the Devonian. 
This fact supports Denison’s hypothesis that the ancestors 
of placoderms did not have extensive armor but were 
either naked or covered with isolated denticles or tesserae 
that would render fossilization unlikely and identification 
difficult. Denison (1983) suggests that the Rhenanida, 
Stensioellidae, and paraplesiobatids (see Figures 4-18 and 
4-20) are primitive representatives of the ancestral pla- 
coderm condition. 

On the other hand, we may infer from the similarity 
of the dermal armor in the numerous groups that are 
known from the early Devonian that fairly extensive ar- 
mor must have evolved prior to the differentiation of the 
orders Acanthothoraci, Ptyctodontida, Phyllolepida, Ar- 
throdira, and Antiarchi. 

Unfortunately, the placoderms that lack extensive 
dermal armor are not well known, but features of their 
jaws and dentition appear specialized in a different man- 
ner than those of other placoderms, rather than repre- 
senting a primitive condition. Because of the continuing 
uncertainty regarding the nature of primitive placoderms, 
the interrelationships of the various orders remain subject 
to controversy. This description will begin with the ar- 
throdires because they are both the best known and the 
most numerous of all placoderms. 


.Arthrodira 

Although the primitive structural pattern for placo- 
derms as a whole cannot be confidently reconstructed 
the sequence of fossils and the probable direction of an- 
atomical change within the Arthrodira indicate that small, 
extensively ossified forms were the most primitive mem- 
bers of this extremely diverse order (Goujet, 1984a). 

PRIMITIVE ARTHRODIRES: ACTINOLEPIDAE 
AND PHLYCTAENIIDAE 

The general body form of primitive arthrodires is exem- 
plified by Sigaspis (see Figure 4-5), a member of the family 
Actinolepidae. The head and almost all of the trunk are 
protected by a nearly continuous covering of large plates. 
The cranial and trunk shields slide past one another with- 
out a specific joint. The pectoral fin is surrounded pos- 
teriorly by bony plates and protected anteriorly by a short 
lateral extension of the body armor. The trunk shield 
extends to the level of the anus. The pelvic girdle is sur- 
rounded by large overlapping scales that cover the base 
of the tail and surround the anus. The nature of the caudal 
fin is not known; all we know about the paired fins is 
that they were narrow based. 


The dermal plates of the skull and trunk have no 
counterparts in higher, bony fish and consequently have 
a unique terminology (see Figure 4-5). The pattern is suf- 
ficiently consistent with other placoderms that it forms a 
I convenient basis for evaluating relationships. In primitive 
L 'rorms, the dermal ossification of the cranial shield has 
two or three movable units. Typically, a single unit covers 
most of the dorsal and lateral surface. The cheek area, 
associated internally with the hyomandibular, forms a 
movable operculum. 

The angle between the cranial and trunk shields is 
approximately 45 degrees. The dorsal surface of the skull 
L/is much longer than the ventral, and the jaws are no more 
than half the length of the skull roof. The gill chamber 
lies entirely beneath the back of the skull roof. 

Most of the early arthrodires were probably poor 
swimmers, with their very short tail region enclosed in 
( heavy scales, and their head and trunk region heavily 
ossified and ventrally flattened. Despite the presence of 
^/fjectoral and pelvic fins, these animals were probably as 
restricted to the sea bottom as the heavily armored os- 
teostracans and heterostracans. 

The braincase is extremely well ossified in aconold- 
pida* as exemplified by Kujdanowiaspis (Figure 4-6). It is 
formed by a single low and wide ossification (a configu- 
ration termed platybasic). The otic region is long and 
includes three semicircular canals. The hypophysis is far 
anterior and opens into the mouth through the bucco- 
fiypophyseal foramen. This opening is surrounded by a 
/ small dermal plate termed the parasphenoid. Anterior to 
' the ossified braincase is an area that was occupied by 
unossified nasal capsules. The back of the braincase has 
paired occipital condyles that provide a well-defined ar- 
ticulation between the head and the trunk. The gill sup- 
ports are unossified in most placoderms and little is known 
of the jaws in actinolepids. 

Arthrodires underwent an extensive radiation above 
the actinolepid level, giving rise to some 20 families (see 
Figure 4-4). Arthrodire evolution may also be considered 
in terms of a series of grades of development that show 
increasing sophistication in the structure of the feeding 
and locomotor apparatus. Miles (1969) termed these grades 
the phlyctaenaspid, the coccosteomorph, and the pach- 
yosteomorph levels. The structure of the upper jaws is 
first known in the Thiyctaeniidae, (Figure 4-7). The pal- 
atoquadrate is ossified as two units, the anterior auto- 
palatine and the posterior quadrate. Both units have ex- 
tensive contact with the lateral wall of the cheek, beneath 
the suborbital and postsuborbital plates. The only space 
available for the muscles that close the jaws is medial to 
the palatoquadrate, a condition quite unlike that in higher 
fish, in which the main mass of jaw musculature is lateral 
to the palatoquadrate. The hyomandibular appears to be 
incorporated with the cheek and is not part of a jaw 
support mechanism, as it is in higher jawed fish. One of 
two pairs of dermal elements, the posterior superognathal, 
is attached to the autopalatine. The anterior superogna- 
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Figure 4-6. DORSAL AND VENTRAL VIEWS OF THE BRAINCASE OF THE LOWER DEVONIAN ARTHRODIRE 
KUJDANOWIASPIS, xl. It is formed from a single ossification. The nasal capsules are restored. Grooves indicate the 
position of blood vessels. From Stensio, f 969. 



Figure 4-7. (a) Dorsal view of the dermal skeleton of the primitive arthroWe' DitksottUfiem, natural size. The long cornua 

anterior to the pectoral fins resemble those of advanced cephalaspids. See Figure 4-5 for a key to abbreviations. ( b ) Recon- 
struction of the skull in ventral view, twice natural size. The articulation for the lower jaw is far forward, and the elements 
of the upper jaw are attached to the base of the braincase and the inside surface of the cheek plate. From Goujet, 1975. 
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thal is attached directly to the endocranium. These dermal 
elements are studded with denticles and serve as the teeth 
of the upper jaw. The jaw articulation is far forward. 

The lower jaw is well known in more advanced forms 
but has not been described in the most primitive genera. 
Where known, it consists of a perichondrally ossified 
Meckelian bone that may be divided into as many as three 
elements. A large dermal element, the inferognathal, is 
attached to the endochondral lower jaw and bears den- 
ticles or a cutting or crushing surface that serves the func- 
tion of teeth in more typical jawed vertebrates. 

In theWtlycraenikiad^ a true joint between the head 
and trunk shields has evolved, with a recessed area, or 
! glenoid fossa, on the paranuchals and a knoblike condyle 
/ on the anterodorsal laterals. The spines anterior to the 
pectoral fins are much more extensive than in j Sigaspis. f 
and look like those of contemporary cephalaspids (Figure 
4-7). 


ADVANCED ARTHRODIRES 

As a result of work by Miles and Westoll (1968), the level 
of evolution exemplified by Coccosteus is particularly well- 
known. The jaws and associated respiratory structures in 
this genus serve as a model for arthrodires in general and 
as a basis for explaining the structural changes in more 
advanced forms (Figure 4-8). 

With the exception of one highly specialized genus 
(see Figure 4 -9b), all placoderms have a well-defined joint 
between the cervical vertebrae and the braincase. The i 
arthrodires also elaborated the exoskeletal joint between 
the cranial and trunk shields. We can determine the range " 
of movements by the geometry of the shields and the 
position of the joint. The joint is relatively high on the 
head, so that the jaws move forward as the head is tilted 
upward. This movement also opens the operculum and 
spreads the gill supports apart. 

In primitive arthrodires, the angle between the open 
jaws is large but the jaws themselves are short, so that 
jhe total gape is small and precludes feeding on large prey. 

In more advanced arthrodires (Figure 4-9 a), the potential 
for raising the head is increased by widening the nuchal 
gap — the area between the head and trunk shields above 
the craniothoracic joint. Raising the height of the joint 
also increases anterior movement of the jaw. The length 
of the jaws is increased as well, with the angle between 
the head and trunk shield becoming nearly vertical. The 
inferognathals are enlarged and differentiated into an an- 
terior toothed portion and a posterior plate for attach- 
ment of the jaw-closing musculature. In some genera, the 
inferognathal extends dorsally as a coronoid process, and 
the level of jaw articulation may be lowered to . increase 
the leverage on the lower jaws. Arthrodires have many 
different tooth plate patterns, suggesting a range of diets 
or ways of handling prey; some crush, some slash, and 
other stab with long picks. Among the diverse advanced 


(a) Nuchal gap 



(b) 



Figure 4-8. RESPIRATORY AND FEEDING MOVEMENTS IN 
COCCOSTEUS. Drawn as if dermal skeleton were transparent, (a) 
Head and visceral skeleton in position of rest and mouth closed. ( b ) 
Head raised, branchial skeleton expanded, and mouth wide open. From 
Miles, 1969. 

arthrodires of the Upper Devonian Cleveland shale, the 
genera Dunkleosteus, Heintzicbthys, and T itanichthys 
reached a length of well over 2 meters and were the dom- 
inant marine predators of their age. However they may 
have been quite clumsy compared to contemporary sharks. 

The structure of the feeding mechanism in arthrodires 
is an adaptation to a basically benthonic way of life. Nearly 
all of these fish may have lived on, or very near, the 
bottom. It was impractical to lower the mandible in this 
position, and so the head was raised while the mouth 
simultaneously opened and thrust forward toward the 
prey. In most arthrodires, this feeding pattern is accom- 
panied by a dorsoventrally flattened body. Two advanced 
arthrodire families, the Leptosteidae and the Brachydeir- 
idae, have laterally compressed bodies and heads. They 
were probably actively swimming, open-water feeders. 
The mouth can open ventrally without the head shield 
being raised. In these families, the nuchal gap is restricted 
and the cheek is fused to the remainder of the skull. In 
one ger\us,£ynauchema (Figure 4-9 b), the classic placo- 
derm structure of a separate head and trunk shield is 
absent, and the two units are completely fused. The spe- 
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cialized joint between the braincase and the anterior ver- 
tebrae, which is present in all other placoderms, is also 
lost. 

At the same time as feeding mechanics were evolving, 
changes in the dermal armor affected swimming (Figure 
4-10). Primitive arthrodires were barely advanced above 
the level of early ostracoderms. Most of the body was 
encased in heavy armor, with only the tail protruding 
behind the trunk shield. Small paired fins suggest limited 
maneuverability. 

In the actinolepid and phlyctaenaspid levels, the 
opening for the pectoral fin is small and entirely sur- 
rounded by dermal bone. An endoskeletal scapulocora- 
coid with a short site for the attachment of the fin lies 
under the anterior lateral plate. The endoskeletal pelvic 
girdle is similarly surrounded with dermal ossifications. 
The pelvic girdle is a small plate of bone, which is ade- 
quately known only in later genera. To judge by the lim- 
ited area of attachment, the pelvic fin must have been 
quite small in early arthrodires and frequently appears to 
be little more than a thin flap of tissue. 

In more advanced arthrodires, Miles’s coccosteo- 
morph and pachyosteomorph levels, the entire exoske- 
leton is lighter because of the reduced thickness of dermal 
bone that resulted from the loss of superficial layers. The 
endochondral ossification of the head region is reduced, 
with the braincase and the jaw supports largely cartilag- 
inous. Reduction in the area of the trunk shield saves 
weight and, more importantly, frees much of the trunk 




Figure 4-9. HEAD AND TRUNK ARMOR OF ADVANCED AR- 
THRODIRES. (a) Erro/nenpstemSfioxe the long nuchal gap. The angle 
between the head and thoracic shield is almost vertical. The craniothor- 
acic joint is very high; the lower jaw is much longer than in primitive 
arthrodires, x $. From Denison, 1975 (b'l svnaiu henij.jnfe head and 
trunk shields are fused to one another, x J. From Moy-Thomas and 
Miles, 1971. By permission from Chapman and Hall Ltd. 



Figure 4-10. COCCOSTF^US, A SMALL MIDDLE DEVONIAN AR- 
THRODIRE. Original is about 35 centimeters long. The dermal skeleton 
is much less extensive than that of primitive arthrodires. The greater 
flexibility of the trunk presumably resulted in much more effective swim- 
ming. From Miles and Westoll, 1968. 

for more effective use of the swimming muscles and opens 
up the posterior margin of the pectoral fenestra. The pec- 
toral spine is reduced and finally lost. The articular crest 
of the scapulocoracoid becomes much longer, indicating 
a larger pectoral fin with as many as eleven basal elements. 
In more advanced pachyosteomorph arthrodires, some 
basals may be fused to form a sharklike metapterygium 
(see Chapter 5). In C occosteus (Figure 4-10), the endo- 
chondral pelvic girdle is formed by a pair of ventral plates 
that meet at the midline. They articulate with fin elements 
termed radials. 

The notochord supplies the main longitudinal sup- 
port in arthrodires, and there is no development of ossified 
vertebral centra. Flowever, there are frequently more su- 
perficial ossifications in the form of partial or complete 
rings derived from the neural and haemal arches. In Caj- 
cpsteus) fthere are neural and haemal arches throughout 
the length of the column, but the notochord remains un- 
constricted. 

The arthrodires radiated throughout the Devonian, 
becoming ever more diverse and specialized until the end 
of the period, when they quickly became extinct. None 
of the other placoderm orders approached the success of 
the arthrodires, and most remained restricted to a single 
adaptive zone. The interrelationships of other placoderm 
orders are the subject of continuing controversy. Most 
authors ally the Antiarchi, which are known throughout 
the Devonian, with the arthrodires. 

Antiarchi 

Young (1984) recently published a comprehensive 

review of the phylogeny and biogeography of the 
antiarchs. While arthrodires show a progressive reduction 
of armor and become strongly predatory, antiarchs (Fig- 
ure 4-11) emphasize their dermal ossification and retain 
a benthonic way of life that is confined primarily to fresh 
water. Like the primitive arthrodires, they have a very 
long trunk shield with ossification behind the pectoral fin 
and distinct posterior lateral and posterior medioventral 
plates. The pattern of the bones of the dorsal head shield 
differs considerably from the arthrodires as a result of the 
dorsal migration of both the orbits and narial openings. 
Most genera are dorsoventrally flattened. The mouth is 
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Figure 4-11. ANTIARCHS, THE MOST EXTENSIVELY AR- 
MORED PLACODERMS. (a) Pterichthyodes, a scale-covered Middle 
Devonian genus; original about 15 centimeters long. ( b ) Botbriolepis 
from the Upper Devonian, about 40 centimeters long. Both genera are 
freshwater, bottom-dwelling fish. From Stensid, 1969. 



terminal but opens ventrally. There is only one pair of 
superognathals, rather than two. None of the internal 
skeleton is ossified. The head shield in most antiarchs is 
much smaller than the trunk shield, although they are 
nearly equal in the genus Sinolepis, from the Upper De- 
vonian of China. 

The pectoral fins are completely enclosed in bone. 
This ossification may have evolved from the spinal plate 
but appears as a distinct structure articulating via a com- 
plex joint with the anterior margin of the trunk shield. 
In most antiarchs, the fin is jointed midway along its 
length, butthi^oint is absent in the Upper Devonian 
genus femigolepis, fvhich has rather short fins compared 
with those of other antiarchs. The pectoral fins may have 
served as props or holdfasts but could not have functioned 
in swimming. The pelvic fins are represented by small flaps 
of tissue just behind the trunk shield. There may be either 
one or two dorsal fins. In the Middle Devonian genus 
Pterichthyodes, the tail is covered with overlapping scales, 
but in the well-known Upper Devonian genus Bothriole- 
pis, it is almost naked. Specimens of Bothriolepis have 
been found by the thousands in the shallow water deposits 
of the Escuminac formation, outcropping on the Bay of 
Chaleur on the south side of the Gaspe Peninsula in east- 
ern Canada. Denison (1978) has described the soft anat- 
omy of this genus based on differential infillings of the 
body cavities. He interpreted diverticula from the esoph- 
agus as lungs, but they probably did not function in either 
gas exchange or buoyancy control since neither role is 
suggested by the way of life of this placoderm. 

Some authors suggest that antiarchs may have evolved 
from primitive arthrodires, but no known genera appear 
intermediate between the two groups. Antiarchs are rare 
in the Lower Devonian, where they are represented by 
only a few poorly known specimens from China. They 
become widespread and common in the Middle and par- 
ticularly the Upper Devonian, and some material has even 
been found in Lower Mississippian sediments. 


Phyllolepidida 

Like the arthrodires and antiarchs, the phyllolepids 
have extensive dermal armor. They are known prin- 
cipally from a single widespread genus from freshwater 
deposits of the Upper Devonian. Phyllolepis (Ligure 4-12) 
is extremely flattened dorsoventrally. Only the central 
portions of the head and thoracic shields are adequately 
known. The plates are marked by a conspicuously con- 
centric pattern of ridges that permits ready identification. 
The plates are like those of arthrodires, particularly in the 
common presence of a posterior ventrolateral plate, but 
the pectoral fenestrae are not closed posteriorly. The pro- 
portions differ greatly, with the medial plates much larger 
than those at the margins. Simple flanges form the cran- 
iothoracic joint. 

Recently described material from the Upper Devon- 
ian of Australia has led Long (1984) to ally the phyllo- 
lepids specifically with the actinolepoid arthrodires. 



Figure 4-12. RESTORATION OF PHYLLOLEPIS. The dorsoven- 
trally flattened late Devonian placoderm is shown in dorsal view. (An- 
terior part of head and much of body conjectural) x }. From Stensid, 
1969. 
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PETALICHTH YID A 

The petalichthyids include eight genera known from 

marine deposits in the Lower to Upper Devonian. 
They broadly resemble the primitive arthrodires but ap- 
pear to have led a strictly benthonic way of life, with the 
orbits facing dorsally and the body dorsoventrally com- 
pressed. The cranial and trunk shields are generally com- 
parable to the primitive arthrodires, but they differ in a 
number of consistent features. The trunk shield is short 
and there are never plates behind the pectoral fin. Denison 
(1983) suggests that this pattern is primitive among the 
better-known arthrodires. Where known, the spinal plates 
are very long and resemble the cornua of cephalaspids. 
In the earliest genera, there is no specific area of articu- 
lation between the head and thoracic shields, and when 
it develops, it is oriented longitudinally rather than trans- 
versely as in arthrodires. In some genera, the anterior 
margin of the head shield is not formed by large plates 
but by a covering of small scales. In Lunaspif (Figure 4- 
13a), the trunk is long and covered with small overlapping 
scales. The braincase of Macropetalichthys (Figure 4-13b) 



is heavily ossified and has been described in detail by 
Stensio. Like that of early arthrodires, it is very long and 
wide, but has a particularly elongate occipital area. Sur- 
prisingly, nothing at all is known of the jaw structure of 
this group. 

PTYCTODONTID A 

In contrast with the placoderms we have discussed, 

the pK££tadoii|F (Figures 4-14 and 4-15) bear a su- 
perficial resemblance to modern fishes. The armor is lim- 
ited to the back of the head and the thoracic shield is very 
short, freeing the trunk for active anguilliform swimming. 
The trunk is long, slim, and scaleless, and the tail is re- 
duced to a narrow filament. The ptyctodonts have the 
general appearance and many of the structural speciali- 
zations of modern chimaeroids or holocephalians (which 
are discussed in the next chapter), and it has been re- 
peatedly claimed (most recently by 0rvig (1985)) that they 
are related to that group. However, Miles and Young 
(1977) argue that the similarities are the result of con- 
vergence and do not reflect close relationship. 



Figure 4-13. PETALICHTHYIDS. (a) Lunasp ' Dorsal view, x 1. From Moy-Thomas and Miles, 1971. ( b ) Marcropetali- 
cbtbys. Restoration of brain cavity and canals or neurocranium in ventral view, x i. From Moy-Tbomas and Miles, 1971. 
By permission from Chapman and Hall Ltd. 
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Figure 4-14. RESTORATION OF THE PTYCTODONT CTENU- 
RELLA, x ?[. The general body form and details of the tooth plate and 
jaws resemble those of holocephalians (see Chapter 5), but the pattern 
of the dermal armor is similar to other placoderms. From Stensio, 1 969. 


A single family of ptyctodonts is recognized and in- 
cludes approximately ten genera known from the Middle 
i> and Upper Devonian. Most are less than 20 centimeters 
long. They are primarily, but not exclusively, marine and 
several genera have a very widespread distribution. 



(b) Flat plate M Prepelvic claspers 



Figure 4-15. PTYCTODONTS. (a) Cterturell& Restoration of head in 
lateral view, x 2. ( b ) Restoration of pelvic fin of Rhamphodopsis female, 
(c) Restoration of pelvic fin of Rhamphodopsis male, showing claspers. 
Both ( b ) and (c) are ventral views, x 2. From Moy-Thomas and Miles, 
1971. By permission from Chapman and Hall Ltd. 
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The general body form, and particularly the reduc- 
tion of armor, suggests a way of life that is fundamentally 
different from that of other placoderms. They are de- 
scribed as benthonic feeders, but they must have been 
capable of much more active swimming than any but the 
most specialized arthrodires. 

Ptyctodonts are noted for the presence of a single 
pair of highly distinctive upper and lower tooth plates. 
Crushing or shearing areas within the teeth are formed 
by a particularly hard, hypermineralized tissue called sec- 
ondary dentine. The upper jaw is formed by three ossi- 
fications — the quadrate, autopalatine, and metaptery- 
goid — apparently united by cartilage in the living animal. 
These elements are firmly attached to the braincase. Traces 
of four gill supports are present more posteriorly, but 
there is no evidence of a distinct hyomandibular. Rostral 
and labial cartilages associated with the mouth resemble 
those of sharks and chimaeras. The craniothoracic joint 
is not as fully developed as in arthrodires. In some genera, 
the trunk shield extends dorsally as a spine that supports 
an anterior dorsal fin. Posterior to this is a second dorsal 
fin supported by a large number of fin rays. 

A striking specialization noted in many ptyctodonts 
is the presence of claspers (Figure 4-15c) associated with 
the pelvic fin. Structurally, they distinguish ptyctodonts 
from all other placoderms. As in sharks and holocephal- 
ians, they may be associated with the practice of internal 
fertilization. The ptyctodont claspers differ structurally 
from those of the Chondrichthyes, and they are not con- 
sidered homologous. 

The taxonomic position of the ptyctodonts remains 
uncertain. Miles and Young (1977) contend that the pres- 
ence of claspers separates them from all other placoderms, 
but such a specialized feature is an inadequate basis on 
which to establish their relationship with other groups. 
Denison (1975) placed them close to the Acanthothoraci 
and Rhenanida because of the short trunk shield. They 
may have evolved from primitive arthrodires by a reduc- 
tion in their armor (for the pattern of the remaining bones 
appears similar), or they may have evolved from a more 
primitive stage in which the armor was well defined but 
less extensive. 

Acanthothoraci 

Other placoderm orders differ still more from the 

arthrodires and are even more difficult to classify. A 
group called alternatively the Palaeacanthaspidoidei by 
Moy-Thomas and Miles and Acanthothoraci by Denison 
is known from eight exclusively marine genera from the 
Lower Devonian. The head shield is similar to that of the 
actinolepids, but the nasal openings are dorsal, as in an- 
tiarchs. The.rostral region shows extensive endochondral 
ossificationAhe head shield in Rontundina (Figure 4-16), 
the earTiesFknown genus, is tiny and appears as a single 
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Figure 4-16. THE ACANTHOTHORACID^aj|l/MP/N^|(a) Head 
in dorsal view, X 3. ^^Restoration of head and trunk armor in lateral 
view, x 2. From 0ruig, 1 975. 

unit in the adult. It is clear from the size range of isolated 
elements that the plates grew at their margins until at 
some stage they became indistinguishably fused The, at 
ornamented with tiny stellate tubercles^^Tfielater genus 
Radotma (Holopetalichthvsf !, ( Figure 4-17) shows a pe- 
culiar pattern of dermal armor that alternatively exhibits 
a solid exoskeleton or one covered with tesserae. The 
tesserae may be a secondary feature in this group. Acan- 
thothoracids have a platybasic braincase like arthrodires 
and petalichthyids. As in arthrodies, the palatoquadrate 
is fused to the cheek. There is no joint between the dermal 
bones of the head and the short trunk shield. 

Little is known of the gill structures or paired fins. 
With the exception of the dorsal migration of the nares 
and the well-ossified endochondral rostrum, they are rel- 
atively close to the pattern of primitive arthrodires. 

Goujet (1984b) argues that tjie anatomy of the Acan- 
thothoraci may be dose to the primitive pattern for all 
placoderms. He contends that this order may be a stem 
group and its constituent genera are sister groups to a 
number of more derived orders. 
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Figure 4-17. RADOTINA [ HOLOPETAL1CHTHYS ] SHOWING 
DERMAL ARMOR, (a) Armor expressed as large plate, (b) Armor 
expressed as a mosaic of tesserae, x J. From Moy-Thomas and Miles, 
1971, and 0rvig, 1975. By permission from Chapman and Hall Ltd. 


Rhenanida 

The orders so far discussed are related to each an- 
other by one common characteristic: a relatively 
complete covering of dermal bones over the head and 
thorax. Where known, the jaws bear large gnathal plates. 
In the remaining placoderms, there are some large plates 
covering the head and thorax, but the dermal ossification 
is primarily a mosaic of small tesserae or denticles. The 
jaws are studded with discrete denticles rather than large 
gnathal plates. The order EfljijfeflB, as defined by Den- 
ison (1975), includes only three well-known genera, one 
each from the Lower, Middle, and Upper Devonian. The 
group is rare but worldwide in distribution and entirely 
marine. Their anatomy is well known and the feeding 
apparatus differs markedly from that of the previously 
discussed placoderms. 

Gemuendina (Figure 4-18) is considered typical of 
the order. Specimens may be over 100 centimeters long. 
The body is extremely dorsoventrally flattened. Orbits 
and external nares face dorsally and are close to the mid- 
line. The pectoral fin resembles that of skates and rays 
and extends from the level of the orbit to the pelvic fin. 
Internally, it is supported by a single wide basal element 
and a series of long jointed radials. The head shield has 
several large plates, and the surface between them is cov- 
ered by many polygonal ossicles. The trunk shield is very 
narrow anteroposteriorly and has typical placoderm plates, 
although their surface is partially covered by tesserae. 
Behind a short synarcual, the vertebrae are formed from 
fused neural and haemal arches, giving the appearance of 
centra. 
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Figure 4-18. THE RHENANID GEMUENDINA. Restoration in dor- 
sal view, Xj. From Moy-Tbomas and Miles, 1971. By permission from 
Chapman and Hall Ltd. 


The endoskeleton of the head is well known in- Ju-. 
gorina (Figure 4-19) and is similar in Gemuendina. Only 
the medial portion of the braincase is ossified. Its ap- 
pearance differs markedly from the wide flat structure of 
primitive arthrodires and petalichthyids, although some 
advanced arthrodires also have a narrow braincase. The 
structure of the jaws is a more important feature. Unlike 
arthrodires, the palatoquadrates do not appear to be as 
strongly integrated with the cheek region, which is not 
ossified as large plates but as a mosaic of smaller ossicles. 
In contrast with other placoderms, the palatoquadrates 
approach one another anteriorly. There are no gnathal 
plates, but the surface of the palatoquadrate is armed with 
stellate tubercles. Posteriorly, the palatoquadrate is linked 
to the braincase via a very long, narrow hyomandibular. 
The configuration and relationship of this bone is entirely 
unlike that encountered in other placoderms, but it gen- 
erally resembles that of advanced sharks and even more 
closely that of modern rays. Six more posterior gill arches 
are present according to Stensio’s restorations. The mouth 
is terminal and protrusible. 

Both adequately known genera, Gemuendina in the 
Lower Devonian and especially Jagoritia in the Upper 
Devonian, are conspicuously tesserate. This scanty evi- 


dence suggests that tesserae replaced armor in this group. 
We may postulate that this occurred rapidly in the early 
evolution of rhenanids and at a slower rate in later forms. 
In contrast, Denison (1983) proposed that the tesserate 
condition in rhenanids may be primitive for placoderms, 
with the elaboration of large bony plates a derived con- 
dition. The configuration of the paired fins and the dorsal 
position of the narial openings in rhenanids are almost 
certainly specializations of this group, which suggests that 
the tesserate condition of the exoskeleton is also derived. 

Miles and Young (1977) suggest that the specialized 
dorsal position of the narial opening in the Acanthoth- 
oraci and Rhenanida indicates a relatively close relation- 
ship. Like the pseudopetalichthyids, they also lack an an- 
terior median ventral plate in the trunk shield. 




Figure 4-19. THE ENDOSKELETON OF THE HEAD REGION OF 
THE RHENANID JAGOR1NA. (a) Lateral view, xi ( b ) Dorsal view, 
xl. The large hyomandibular linking the braincase and the back of the 
jaws resembles the pattern in sharks and differs greatly from that in 
arthrodires. From Denison, 1978, after Stensid. 
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I STENSIOELLID AE AND 
PARAPLESTOBATIDAE 

^ The final assemblage of placoderms includes three 
poorly known genera. Denison (1975, 1983) places 
them in two orders: the Stensioellida, including only the 
genus Ototrtfopfflf, and the Pseudopetalichthyida, including 
Paraplesiobatif and Pseudopetaltchthys. Miles and Young 
(1977) recognize only one group, the pseudopetali- 
chthyids. These authors differ greatly in the significance 
they assign to these genera. Moy-Thomas and Miles (1971) 
relegate all three genera to d matU td sqdtf, indicating that 
they are too poorly known to evaluate their phylogenetic 
position. Denison suggests that they are relicts of an early 
stage in placoderm evolution and are very important to 
our understanding of the group’s history. 

All are from marine Lower Devonian deposits in Ger- 
many. They are small and dorsoventrally flattened. Most 
of the body is covered with denticles or small scales, but 
the head and shoulder region may have some larger bony 
plates. In Stensioella (Figure 4-20), the braincase is poorly 
ossified except posteriorly where the surface for articu- 
lation with the vertebrae is well developed. The jaws are 
short and covered with small pointed denticles, rather 
than large gnathal plates. This pattern is similar to that 
of rhenanids and differs from other placoderms. We may 
draw a parallel between the predominance of bony plates 
on the body and the presence of gnathal plates and the 



Figure 4-20. (a) Slensioel 7<j in dorsal view, x i (b) V seudopetahchthy^ 

in ventral view, one-half natural size. The low degree of consolidation 
of the dermal skeleton may be a primitive feature of placoderms. From 
Moy-Thomas and Miles, 1971. By permission from Chapman and Hall 
Ltd. 


occurence of tesserae or denticles on the body and den- 
ticulate teeth in the mouth. We do not know whether the 
common presence of these characteristics indicates a close 
relationship. In (Figure 4-20b), the 

thoracic armor resembles that of more orthodox placod- 
erms, while the fin supports resemble those of advanced 
sharks. 

Placoderms became extinct near the end of the De- 
vonian, when they appear to have been near the height 
of their diversity. The suddenness of their extinction may 
be partially a geological artifact, since their remains are 
particularly common in the widespread black shales at 
the end of the Devonian in North America and Europe. 
The overlying Mississippian sediments are mostly clastic 
and represent an environment in which placoderms may 
have been uncommon even if they had survived to this 
time. Nevertheless, many placoderm lineages apparently 
became extinct over a relatively short period of time, pre- 
sumably as a result of competition with the more ad- 
vanced jawed fish, the Osteichthyes and Chondrichthyes. 

Interrelationships of 

PLACODERMS 

Since there is no fossil record of either plausible 

ancestors or a closely related sister group, it has been 
very difficult to establish the polarity of character states 
among primitive placoderms. Thus, the interrelationships 
of the various orders are subject to continuing debate. 
Figure 4-21 shows four alternative cladograms based on 
recent analyses of this group. 

Summary 

Jawed vertebrates first appear in the Lower Silurian, 
i Jaws, gill supports, and trabeculae all develop from 
neural crest cells. The division between the mouth and 
pharynx is comparable in jawed fish and agnathans, but 
the skeletal supports and gill filaments evolved separately 
in the two groups. 

The placoderms are the most primitive jawed ver- 
tebrates but are not closely related to either cartilaginous 
or bony fish. They were very diverse within the Devonian 
but became extinct during the early Carboniferous. Most 
placoderms have a massive exoskeleton that is jointed 
between the head and thorax. Most appear to have been 
benthonic and were probably poor swimmers, despite the 
presence of pectoral and pelvic fins. Most placoderms had 
bony plates on the margin of their jaws instead of true 
teeth. 

The ancestors of placoderms may have been naked 
or covered with small, isolated denticles or tesserae. How- 
ever, most placoderm orders have a similar pattern of 
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Figure 4-21. FOUR ALTERNATIVE CLADOGRAMS SHOWING 
POSSIBLE INTERRELATIONSHIPS OF THE PLACODERM OR- 
DERS. (a) From Denison, 1978. ( b ) From Mites ami Young, 1977. With 
permission from the Linnean Society Symposium Series 4. Copyright 
1977 by the Linnean Society of London, (c) From Goujet, 1984. (d) 
From Gardiner, 1984. Characters used by Goujet (somewhat shortened 
from original) to establish interrelationships are as follows: 

Characters assumed to be basic placoderm apomorphies are: 

1 . Body armour forming a complete ring surrounding the pectoral 
girdle; double cervical joint with an endoskeletal component 
and a dermal component; omega-shaped palatoquadrate closely- 
associated with the anterior cheek plates, with the adductor 
mandibulae muscle attached on the ventral face of the metap- 
terygoid and the medial face of the suborbital plate. 

Apomorphies acquired at the following numbered stages are; 

2. Premedian plate, and backward shifting of the nasal capsules. 

3. Tesserae on the skull roof, particularly in the pineal and orbital 
regions. 

4. Rhenanid apomorphies; pscudobatoid body shape with very 
flattened skull, loss of the dermal cervical joint, fragmented (or 
tessellated) anterolateral and spinal plates, strong reduction in 
body armor length, and loss of the posterior dorsolateral and 
posterolateral plates. 

5. Large premedian plate with a preorbital depression, dermal 
cervical joint with a fossa on the articular flange of the anterior 
dorsolateral plate, external endolymphatic pore placed medi- 
ally relative to the endocranial opening, and strong cohesion 
of the plates covering the endoskeletal shoulder girdle to form 
a pectoral unit (anterolateral, spinal, anterior ventrolateral 
plates). 

6. Antiarchan apomorphies; a second (posterior) median dorsal 
plate incorporated in the body armor, pectoral unit represented 
by a single plate (anterior ventrolateral) enclosing the small 
pectoral fenestra, pectoral fin modified into a slender appen- 
dage covered by plates derived from modified scales, antiarch 
skuli roof pattern with the orbits laterally enclosed by large 
lateral plates, and semilunar plates. 

7. Dermal bone ornamented with evenly distributed tubercles of 
pallial semidentine. 

8. Anterior and posterior median ventral plates added to the body- 
armor, and endolymphatic duct opening on the same paran- 
uchal plate as the confluence of the posterior pit line and the 
main lateral line of the skull. 

9. Sensory lines enclosed in tubes projecting below the visceral 
surface of the dermal skull plates and opening by pores, central 
sensory line lost, X pattern of the sensory lines on the middle 
plate of the skull (nuchal or postpineo-nuchal), fragmentation 
of the suborbital and postsuborbital plates, and similar struc- 
ture of the cervical joint. 

10. Ptvctodontid apomorphies; loss of rostral plate, endolymphatic- 
duct closed, loss of suborbital and postsuborbital plates, loss 
of posterior dorsolateral, posterolateral, posterior ventrola- 
teral, posterior median ventral plates, presence of bony pelvic 
claspcrs. 

11. Petalichthyid apomorphies; laterodorsal orbits, bounded lat- 
erally by pre- and postorbital plates and medially by the central 
plate. 

12. Shortened preorbital region of the skull and separate intero- 
lateral plate with a deep transverse ventral groove. 

13. Phyllolepid apomorphies; flattened body, much expanded nu- 
chal plate, loss of rostral plate, loss of posterior dorsolateral 
and posterolateral plates, and loss of semidentine on the su- 
perficial ornament. 

1 4. Arthrodirc apomorphies; two pairs of upper tooth plates, large 
endocranial posterior postorbital processes, wide and short 
rostral plate, and pectoral fenestra closed posteriorly by the 
posterior ventrolateral plates, unless secondarily transformed 
into a deep pectoral emargination in some brachythoracids. 

(continued on page 60) 
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Figure 4 - 21 . ( Continued ) 

Characters used by Gardiner to establish interrelationships are as fol- 
lows: 

1. Long, anteromedially directed coracoid process and a prepec- 
toral process that enters spinal plate versus coracoid process 
not medially directed and prepectoral process absent. (Spinal 
plate absent in Ctenurella and possibly missing in Stensioella 
and andarchs). 

2. Synarcual encloses nerve cord and notochord versus synarcual 
formed of fused neural arches surrounding nerve cord only. 

3. Ventral fossa of pectoral girdle closed anteriorly versus ventral 
fossa open. (Fossa absent altogether in more advanced pla- 
coderms). 

4. Large, elongate hyomandibular versus small, squat hyoman- 
dibular. 

5. Infraorbital sensory canals joined anteriorly and also joined to 
supraorbital versus supraorbital and infraorbital not united. 

6. Small polygonal scales clothe the dermal shoulder girdle versus 
no polygonal scales. 

7. Interolateral bone present versus interolateral absent, (lnter- 
olaterals are said to be missing in andarchs, but the paired 
semilunars of asterolepids could be their homologues). 

8. Posterior dorsolateral bone present versus posterior dorsolat- 
eral absent. (Posterior dorsolateral absent in phyllolepids). 

9. Omega-shaped palatoquadrate fused to covering dermal bones 
versus palatoquadrate not “omega shaped” and free of dermal 
bones. 

10. Occipital region elongate, with many spino-occipital nerve for- 
amina versus occipital region behind vagus short. 

11. Ginglymoid articulation in which condyles of anterior dorso- 
laterals rotate in glenoid fossae on the paranuchals; joint sup- 
ported by the “craniospinal” process versus dermal neck joint 
absent or without glenoid fossa. 

12. Posterior ventrolateral bone present versus posterior ventro- 
lateral absent. 

13. Posterior median ventral bone present versus posterior median 
ventral absent. (There are some specimens of Lunaspis and 
I’hyllolepis where the posterior median ventral is present but 
the anterior median ventral is absent). 

14. Great width of skull roof across posterolateral angles and greatly 
enlarged median dorsal bone with branch of lateral-line canal 
versus a skull roof longer than broad and a shoulder girdle 
with a short median dorsal. 

15. Postmarginal bone present versus postmarginal absent from 
lateral margin of skull roof. 

16. Posterior lateral bone present versus posterior lateral bone ah- 
sent. 

17. Two superognathals present versus one superognathal. 
Additional hypotheses of placoderm relationships are discussed by Forey 
and Gardiner (1986) and Young (1986). 


large bony plates, which indicates that they share a com- 
mon ancestor that had a fairly extensive dermal skeleton. 

The Arthodira is the most diverse order of placod- 
erms. Advanced members of this group reduced the ex- 
oskeleton, freeing the trunk for more active swimming. 
Antiarchs, phyllolepids, petalichthyids, and acanthoracids 
are less diverse orders, each of which is specialized in body 
form, the nature of the limbs, and the dermal armor pat- 
tern. All were primarily benthonic. The antiarchs were 
particularly common in freshwater deposits, but most pla- 
coderms lived in the ocean. The ptyctodonts reduced the 
external armor and may have been fairly active swimmers. 


Their body form and dentition resemble the pattern of 
holocephalians among modern cartilaginous fish; the males 
had claspers. 

Instead of large armor plates, the rhenanids, sten- 
sioellids, and paraplesiobatids had a covering of small 
tesserae, perhaps reflecting the primitive pattern for pla- 
coderms. The rhenanids had very large pectoral fins, giv- 
ing them the appearance of skates and rays. In this group, 
the hyomandibular supported the jaws like that of modern 
sharks. The interrelationships of the placoderm orders 
have not been established. 
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Sharks and Other 
Cartilaginous Fish 


Advanced jawed fish 

Except for the jawless cyclostomes, all living fish be- 
long to two major classes, the Chondrichthyes, or 
cartilaginous fish, and the Osteichthyes, or bony fish. They 
differ from one another in many respects, but the structure 
of the jaws and the pattern of tooth replacement indicate 
that they share a common ancestry that is separate from 
that of the placoderms. 

As Schaeffer pointed out (1975), in the earliest known 
members of both groups the palatoquadrate extends most 
of the length of the braincase and has a distinctive, 
cleaver shape. The narrow anterior “handle” supports the 
teeth, and the posterior “blade” forms the medial 
surface of the chamber for the jaw musculature (Figure 
5-1). Teeth are formed along an infolding of the epithe- 
lium of the mouth’s mucous membrane, called the dental 
lamina. Unlike the gnathal plates of placoderms, the teeth 
are continuously replaced; they develop on the medial 
surface of the jaw and rotate into a more lateral position 
as they mature. 
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Figure 5-1. THE JAW OF A MODERN SHARK. Note the “cleaver” 
shape of the palatoquadrate characteristic of all primitive, jawed ver- 
tebrates, except the placoderms. Among both bony and cartilaginous 
fish, the teeth develop on the medial surface of the jaw and rotate to 
the lateral margin as they mature. The teeth that occupy each position 
along the jaw belong to one tooth “family.” The size of the teeth pro- 
gressively increases from older to younger to accommodate the increase 
in jaw size. The superficial nature of the prismatic calcification may be 
seen on the broken surface. Courtesy of the Redpath Museum, McGill 
University, Montreal, Canada. 

In contrast with ostracoderms and most placoderms, 
there is no evidence that an extensive, inflexible exoskel- 
eton was present in the ancestors of sharks and bony fish. 
Remains of both groups are known from the Upper Sil- 
urian. The sharks are represented by tiny denticles, and 
the bony fish by small, overlapping scales. Both groups, 
as far back as they can be traced, were active swimmers, 
with a fusiform body and well-developed paired fins. A 
swim bladder evolved among primitive Osteichthyes but 
not among the Chondrichthyes. Modern sharks have a 
large, oil-filled liver that greatly reduces their specific grav- 
ity; Paleozoic sharks may also have had this feature. The 
internal skeleton in Chondrichthyes, in contrast with the 
Osteichthyes, never ossifies; although bone may be pres- 
ent at the base of the scales in some genera, it is never an 
important constituent of the exoskeleton. The cartilage 
of Chondrichthyes is frequently strengthened by calcifi- 
cation which occurs as a superficial layer of prismatic 
granules. 

Two groups of Chondrichthyes are present in the 
modern seas: the Elasmobranchii, including the sharks, 
skates, and rays; and the Holocephali, composed of the 
less-common chimaeras or ratfish. The two groups differ 
significantly in body form and dentition, but the similar- 
ities in the calcification of the cartilaginous skeleton and 
the specializations of their reproductive pattern suggest 
that they share a common ancestry. 

All modern Chondrichthyes practice internal fertil- 
ization; most genera are ovoviviparous or viviparous, but 
others lay large, yolky eggs enclosed in thick horny egg 
cases. In all living Chondrichthyes and most fossil genera, 
the male has paired structures, termed claspers (see Figure 
5-5), that are supported by the skeleton of the pelvic fin 
and facilitate internal fertilization. Internal fertilization is 
associated with the production of a small number of eggs, 
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each of which has a high chance of survival, in contrast 
with the reproductive strategy of typical bony fish who 
produce many eggs, each of which has only an infinites- 
imal chance of maturing. 

The earliest remains of chondrichthyan fishes are found 
in sediments deposited in marine waters; the group has 
remained predominantly marine. However, one Paleozoic 
order was common in freshwater, and other genera, both 
living and fossil, seem to be able to tolerate considerable 
changes in salinity. 

The elasmobranchs and holocephalians each have a 
long fossil history, extending back into the Devonian. In 
a recent review of Paleozoic chondrichthyans, Zangerl 
(1981) suggests that the most fundamental distinction be- 
tween these groups lies in the proportions of the gill re- 
gion. In most jawed fish, the gills are close behind and 
somewhat beneath the back of the braincase, and the 
shoulder girdle lies a short distance behind the occiput. 
Zangerl thinks that this pattern is primitive for jawed fish 
and has been retained in the holocephalians. In sharks, 
there is considerable space between the gill supports and 
they are primarily behind the braincase; the shoulder gir- 
dle is well separated from the occiput. One consequence 
of the length of the gill region is that sharks did not evolve 
an operculum, which is a typical feature of holocephalians 
and bony fish. 

Maisey (1984b) presents an alternative hypothesis 
that chimaeroids diverged from among the Paleozoic 
sharklike chondrichthyans and occupy a phylogenetic po- 
sition between the primitive cladoselachian and symmo- 
riid sharks and the more advanced assemblage including 
Ctenacanthus and modern sharks. 


Paleozoic elasmobranchs 

On the basis of the known fossil record, paleontol- 
ogists think that elasmobranchs may have undergone 
two major episodes of adaptive radiation (Figure 5-2). 
The first began during the late Silurian and Devonian, 
resulting in sharks that broadly resembled modern genera 
but had a more primitive skeleton. Most of the archaic 
shark groups became extinct by the end of the Triassic. 
The Ctenacanthida, which we recognize in the late De- 
vonian, apparently gave rise to all modern sharks as well 
as skates and rays. These groups began their radiation in 
the Jurassic and achieved an essentially modern appear- 
ance by the early Cretaceous. 

Throughout their history, elasmobranchs have main- 
tained a dominant role as marine predators. Many genera 
have retained a streamlined shape and a piercing and 
slashing dentition, but there has been repeated evolution 
of groups adapted toward a benthonic way of life, with 
the development of crushing dentition that enables them 




Figure 5-2. PHYLOGENY OF CHONDRICHTHYAN FISHES. Classification primarily from Zangerl (1981) and Compagno 
(1977). Note the presence of two successive radiations among the elasmobranchs. All modern elasmobranchs can be traced to a 
single ancestral group. The relationships among the Paleozoic orders have not been established, and their grouping is largely arbitrary. 
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(e) Diphycercal tail Elongate dorsal fin Spine originally associated 



Archipterygial axis 


Figure 5-3. THE BODY SHAPE OF PALEOZOIC SHARKS, (a) The xj. From Zangerl, 1981. ( d ) The lower Carboniferous xenacanth Oi- 

Devonian Cladoselachida, Cladoselache, xi,. From Zangerl, 1981. ( b ) plodoselache , x ). From Dick, 1981. (e) The lower Permian Xenacan- 

The Carboniferous Symmoriida, Denaea, x$. From Schaeffer and Wil- thida, Xenacanthusf^x T From Schaeffer and Williams, 1977. 

Hams, 1977. ( c ) The Upper Carboniferous Eugeneodontida, Fadenia, 


to feed on a wide variety of hard-shelled invertebrates as 
well as vertebrates. 

Although the structure of their fin supports and teeth 
vary greatly, most Paleozoic sharks (Figure 5-3) resemble 
common living genera such as the dogfish. The body is 
streamlined and fusiform, with the mouth nearly terminal. 
There may be one or two dorsal fins. The anal fin is absent 
primitively. The notochordal axis is directed dorsally to 
give a tail that is technically heterocercal, although the 
ventral supports are commonly arranged to give a super- 
ficially symmetrical appearance. The paired fins are fully 


developed and, usually, broadly triangular. 

The braincase of all sharks (Figure 5-4) is an undi- 
vided structure that is broad and low like that of primitive 
placoderms. Three areas may be recognized: ethmoid, or- 
bital, and otico-occipital. The anterior ethmoid region 
varies greatly, with an extremely long rostrum in some 
genera (see Figures 5-8 and 5-12). The orbital region is 
relatively uniform in its proportions, with a fairly wide 
interorbital septum and protective shelves above and be- 
low the eyeball. Behind the orbits, the postorbital pro- 
cesses extend far laterally to support the otic process of 
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Figure 5-4. THE BRA1NCASES OF SHARKS, (a) The Upper Devonian 
Cladoselache, showing prominent postorbital processes and otico- 
occipital region of moderate length. ( b ) Tamiobatis, a Lower Carbon- 
iferous xenacanth with strongly elongated otico-occipital region, (c) The 
squaloid Squalus showing the trough-shaped ethmoid region, (d) The 
galeoid Isurus with a tripod-shaped ethmoid region, (e) Rbinobatos, 
with a greatly elongated ethmoid region. All from Schaeffer, 1967. 
Schaeffer (1981) and Maisey (1983) recently published detailed descrip- 
tions of the braincases of Paleozoic and Mesozoic sharks. 

the palatoquadrate on their posterior surface. The relative 
length of the otico-occipital portion of the braincase varies 
among primitive sharks. The fossil record is not complete 
enough to indicate whether a long or short otico-occipital 
region is more primitive. Most groups of primitive sharks 
have a cleaver-shaped palatoquadrate. The narrow “han- 
dle” bearing the teeth is typically connected to the neu- 
rocranium beneath the subocular shelf. The extensive lat- 
eral surface of the otic process provides the origin for the 
adductor jaw musculature. 

The gill arches are frequently not well preserved in 
primitive sharks but appear to adhere to a fairly consistent 
pattern. The hyomandibular articulates with the braincase 
posterior to the postorbital process. In most groups, it is 
supported by the dorsomedial surface of the otic process 
of the palatoquadrate and helps connect the upper jaw 
with the neurocranium. We refer to this double support 
of the palatoquadrate (directly to the postorbital process 
of the braincase and via the hyomandibular) as amphi- 
stylic. 

Two evolutionary trends in the nature of jaw support 
occur among Chondrichthyes. One is the closer integra- 
tion of the palatoquadrate with the braincase, resulting 
among most holocephalians in a fusion of the two ele- 
ments, a condition termed holostylic or autostylic. The 
other is a clear separation of the palatoquadrate from 
the braincase, which evolves among advanced elasmo- 
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branchs, with the hyomandibular forming a mobile con- 
nection between the two units (see Figure 5-14). This 
condition is termed hyostylic and is characteristic of ad- 
vanced sharks, skates, and rays. 

The ventral portion of the hyoid arch, the ceratohyal, 
lies between the lower jaws. Five additional gill arches lie 
behind the hyoid. As in modern sharks, each presumably 
consisted of four elements: a dorsal pharyngobranchial, 
an epibranchial, a ceratobranchial, and a basibranchial. 

Vertebral centra are not evident in early sharks; non- 
calcified segmental structures may have been present, but 
the notochord probably remained unrestricted. Neural 
and haemal arches are generally calcified and outline the 
axial skeleton, as in some placoderms. Calcified ribs are 
present in some Paleozoic sharks but not in the most 
primitive forms. 

The skeleton of the pectoral and pelvic girdles is rel- 
atively constant in primitive sharks. The scapulocoracoid 
forms a broad arc extending dorsally to the level of the 
notochord and curving ventrally toward the midline. The 
two sides may meet ventrally, but they never fuse, as is 
the case in modern sharks. The pelvic girdle consists of 
small paired oval or triangular plates. In the primitive 
state, the pectoral and pelvic fin both may have had a 
number of parallel supports that extended from the girdle 
into the fin. The supports are typically divided into prox- 
imal elements, termed basals, and distal elements, termed 
radials. The radials in primitive sharks extend to the mar- 
gins of the fins, a condition termed plesodic. In the more 
advanced sharks of the Mesozoic and Cenozoic, the ra- 
dials are supplanted by more flexible, horny supports called 
ceratotrichia. In both the pectoral and pelvic fins, the 
basals tend to fuse to one another and to form a more 
effective articulation with the girdle. 

Various trends are evident in the evolution of the 
pectoral fin. (Figure 5-3 a) displays a prim- 

itive condition, in whicri the anterior radials articulate 
directly with the girdle. There are a series of small basals 
that articulate with the more posterior surface of the sca- 
pulocoracoid and support the more posterior radials. The 
basals are arranged as an axis extending along the prox- 
imal margin of the fin. The large anterior basal is termed 
the metapterygium. In several other Paleozoic groups (see 
Figures 5-36 and 5-11), the axis may extend posteriorly 
beyond the limit of the radials. In some xenacanths (see 
Figure 5-3e), radials are borne on both the postaxial and 
preaxial surface of the axis. The pattern of the pectoral 
fin seen in ctenacanthid sharks (see Figure 5-116) appears 
to have developed by the fusion of the anterior basals to 
form a tripartite fin support that resembles the pectoral 
fin of Mesozoic and Cenozoic sharks. 

The structure of the pelvic fin is less well known but 
appears to remain relatively simple, except for some fu- 
sion of the basals and the elaboration of the claspers in 
the males (Figure 5-5). Their structure differs from one 
group to another, and the individual components are not 
strictly homologous. 
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Figure 5-5. PELVIC FINS OF THE SYMMORIIDA, COBELODUS. 
Left, female; right, male showing clasper. From Zangerl and Case , f 976. 

Although scales (or denticles) are reduced or missing 
in some genera, they are usually an important feature of 
chondrichthyan fishes. The simplest type of scales seen in 
Paleozoic sharks consists of a cone of dentine developed 
over a pulp cavity and usually capped with a hard, shiny 
enameloid substance (Figure 5-6a). We call such elemen- 
tary scales lepidomoria, and they probably represent the 
ancestral pattern for sharks. More commonly, the scales 
are composite structures that developed by the fusion of 
many lepidomoria. Increase in size occurs by the pro- 
gressive addition of lepidomorial units, a growth pattern 
termed cyclomorial (Figure 5 -6c). 

In modern sharks and some Paleozoic genera (in- 
cluding remains from the Upper Silurian), the scales show 
no evidence of growth or formation by fusion of lepi- 
domoria. Their definitive size is achieved when they first 
form. We apply the term placoid to these scales. Small 
scales are present early in ontogeny and are replaced by 
larger scales as the animal grows. Placoid scales have 
apparently evolved many times in different lineages and 
may be directly derived from lepidomorial units. 

The teeth of sharks are clearly derived from scales 
that have become elaborated along the margins of the 
jaws. Primitively, they have an open pulp cavity sur- 
rounded by a cone of dentine with a hard, shiny, enamel- 
like substance at the surface. They are attached to the 
jaws by connective tissue. Shark teeth are first recogniz- 
able in Lower Devonian sediments and already show con- 
siderable diversity in cusp pattern. Most Devonian and 
Carboniferous shark teeth have a pattern termed clado- 
dont (Figure 5-7 a), with a single major cusp and smaller 
lateral cusps above a broad base. D ipl odu sijoeth have two 
lateral cusps that are much longer than the central cusp. 
Many shark groups have blunt, broad cusps, which may 
form a crushing pavement dentition. Although shark teeth 
vary greatly in their form, they may be poor indicators 
of taxonomic identity. A single shark may have teeth of 
many shapes, and an individual tooth pattern may be 
present in genera that are very distantly related on the 
basis of other anatomical features. 

Fin spines are a prominent feature of both ancient 
and modern sharks. Spines, like teeth, were apparently 


derived from single denticles that became greatly enlarged. 
Spines typically consist of an inner trunk of dentine, the 
base of which becomes deeply inserted in the body in 
advanced genera, and an outer mantle of ornamented 
enameloid material. Most sharks have fin spines associ- 
ated with each of two dorsal fins. According to Young 
(1982), primitive elasmobranchs and holocephalians 
probably had only a single dorsal fin and accompanying 
spine. He regards the absence of spines among Paleozoic 
sharks as a specialization. 

We know at least seven major groups of sharks in 
the Paleozoic. Although it was once thought that they 
could be arranged in a simple phyletic sequence or a series 



Figure 5-6. SCALES OF ELASMOBRANCHS. (a) Single lepidomorial 
unit of Eugeneodus in ventral view and in longitudinal section. This 
exemplifies the most primitive type of shark scale. It also illustrates the 
pattern from which shark teeth and spines are thought to have evolved. 
( b ) Aggregate of lepidomoria in Eugeneodus. ( c ) Diagram to illustrate 
the mode of growth of a cyclomorial scale of the type found in Orodus. 
The first fingerlike denticle is a simple lepidomorium. Additional fin- 
gerlike elements develop posteriorly, and massive denticles develop an- 
teriorly. The latest additions to the scale are dotted. The fused base of 
the fingerlike elements is lightly stippled; the fibrous cushion base of 
the massive denticles is more darkly stippled, {d and e) Placoid denticles 
of Elegestolepis, a possible elasmobranch from the Upper Silurian, in 
ventral view and in longitudinal section. From Zangerl, 1981. 
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Figure 5-7. TEETH OF ELASMOBRANCHS. (a) Cladodus or cla- 
dodont pattern, common to the Cladoselachida, Symmoriida, and Cten- 
acanthoids, X 2. From Schaeffer, 1967. ( b ) Diplodus pattern, illustrated 
by Xenacanthus, x 1. From Schaeffer, 1967. (c) Crown view of tooth 
series of Orodus, a pavement toothed shark, x if. From Zangerl, 1981. 
(d and e) Two types of teeth borne by hybodont sharks, x 2. From 
Schaeffer, 1967 and Gregory, 1951, respectively, (f) The modern galeoid 
shark Carcharodon, xT From Gregory, 1951. [g) Jaw of Heterodontus 
showing range of tooth patterns, x 1. From Redpath Museum, McGill 
University, (h) Part of the dental battery of the ray Myliobatis, x From 
Gregory, 1951. 


of levels of development, we now recognize that each 
group has a long history that extends back into the Lower 
or Middle Devonian. Each group exhibits a mosaic of 
primitive, advanced, and specialized characteristics. None 
clearly represent an ancestral anatomical pattern. Figure 
5-9 shows a scheme of possible relationships. 

CLADOSELACHIDA 

The earliest recognized remains of sharks are isolated scales 
from the Upper Silurian of Central Asia (see Figure 5-6d) 
(Karatajute-Talimaa, 1973). A variety of teeth known from 
the Middle Devonian provide a veiled glimpse of the early 
stages of shark diversification. By the end of the Devonian, 
seven orders are recognized, but most are represented by 
little more than teeth and spines. As a result of fortuitous 
conditions of preservation, one group of Upper Devonian 
sharks, the Cladoselachida, is represented by a large num- 
ber of specimens that show not only the skeletal remains 
but the body outline and such elements of the soft anat- 
omy as muscle fibers and kidney tubules. 
the only adequately known representative of theorder 
Cladoselachida, is preserved in nodules collected from the 
Cleveland shale in the area of Cleveland, Ohio. 

Like other primitive sharks, Cladoselacbe has a fu- 
siform body outline, amphistylic jaw suspension, and cla- 
dodont dentition. The notochord is unrestricted and the 
ventral supports for the notochord and ribs are either 
absent or not calcified. The anal fin is absent, and the 
notochord bends sharply dorsally to support a hetero- 
cercal caudal fin. The paired and dorsal fins are largely 
supported by radials that extend to their margins. The 
edges of the fins are further strengthened by ceratotrichia. 
The base of the pectoral fin is narrow and presumably 
allowed considerable maneuverability. 

The shape of the trunk and the configuration of the 
fins compare closely with those of modern fast-swimming 
pelagic sharks and bony fish such as the tuna. As in these 
forms, there are small, laterally directed keels at the base 
of the tail. As in the tuna and sailfish, the caudal fin is 
lunate in outline, which produces an effective forward 
thrust during swimming. 

Other features that distinguish Cladoselache include 
the presence of two dorsal fins and unusual fin spines. 
Unlike those of contemporary ctenacanth sharks and their 
modern derivatives (see Figure 5-13), the fin spines of 
Ondoselad, ^ consist entirely of trabecular dentine and 
lack the superficial, enamel-like material comparable to 
the surface of the denticles from which they were pre- 
sumably derived. This absence suggests that the spines 
were developed entirely within the dermis and were not 
exposed superficially. Most of the body surface was free 
of scales. Scales are restricted to the margins of the fins, 
and a circle of specialized denticles surrounds the eye. In 
contrast with all other Chondrichthyes, this genus has no 
claspers. 
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SYMMORIIDA 

No adequately known members of the Cladoselachida 
have been found above the Devonian. Within the Car- 
boniferous, ten elasmobranch orders are known from fairly 
complete remains. Several groups have recently been rec- 
ognized as a result of work by Dr. Zangerl and his col- 
leagues on the black shales in the North American mid- 
continent. Use of X-rays has enabled detailed study of 
many specimens. 

Among the newly characterized groups, members of 
the order Symmoriida (see Figure 5-3 b) share many of the 
primitive features noted in the Cladoselachida but differ 
in the nature of the fins and the absence of orthodox fin 
spines. The teeth have the primitive cladodont pattern. 
Like Cladoselache, the anal fin is absent and the caudal 
fin is symmetrical and deeply forked. Symmoriids differ 
in having only a single dorsal fin above the pelvic area. 
The pectoral fin has a long, jointed metapterygial axis 
that ends in a free whip. The postorbital processes of the 
braincase extend ventrally to support the otic process of 
the palatoquadrate laterally as well as anteriorly. The 
body surface has few scales, except along the lateral line 
canals. Claspers (see Figure 5-5) are well developed but 
not comparable in detail with those of other sharks. 

Two families are recognized. The Symmoriidae (in 
which three genera have been described) lacks fin spines 
of any kind. The Stethacanthidae, known from a single 
genus, has a very curious complex above the pectoral 
girdle consisting of a wide spine formed of trabecular 
dentine and, posteriorly, a bushy-looking structure topped 
with denticles. Large denticles also cover the dorsal sur- 
face of the head. Zangerl (1984) suggests that these two 
areas of denticles may have formed a threat display, giving 
the appearance of an enormous mouth. 


EUGENEODONTIDA 

The dentition of the sharks so far mentioned follows a 
single broad pattern that is similar to that of living sharks, 
with an emphasis on sharp-cusped marginal teeth that 
pierce and shear prey. An assemblage of forms known 
from the Upper Devonian into the Triassic — grouped by 
Zangerl (1981) as the order Eugeneodontida — possessed 
a different pattern (Figure 5-8). The teeth at the symphysis 
of the lower jaw are very large, and replacement teeth 
accumulate to form a complex spiral or tooth whorl. The 
lateral teeth form a crushing pavement, functionally com- 
parable with that of modern skates and rays. Zangerl 
recognizes two suborders, the Caseodontoidea, in which 
the symphyseal teeth are transversely crested or swollen, 
and the Edestioidea, in which the symphyseal teeth are 
even more prominent but are laterally compressed to form 
sharp cutting blades. In some genera, the lateral teeth 
resemble those of the Caseodontoidea or they may be 
much reduced or completely lost. The edestoids (Figures 


(a) Gill 

Neurohypophyses skeleton Meckelian 



(b) 





Figure 5-8. REMAINS OF THE EUGENEODONTIDA, A PALEO- 
ZOIC SHARK GROUP CHARACTERIZED BY THE POSSESSION 
OF PROMINENT SYMPHYSEAL TEETH, (a) Ornithoprion, resto- 
ration of skull and shoulder region in lateral view, x 1. From Moy- 
Tbomas and Miles, 1971. By permission from Chapman and Hall, Ltd. 
( b ) Lower jaw dentition of Fadenia showing symphyseal tooth whorl, 
x 1. From Zangerl, 1981. ( c ) Sarcoprion, restoration of anterior region 
of skull with symphyseal dentition in lateral view (the most complete 
material yet known of an edestoid shark), x From Moy-Thomas and 
Miles, 1971. By permission from Chapman and Hall, Ltd. (d) The 
symphyseal tooth whorl of Helicoprion, xj. From Bendix-Almgreen, 
1966. 
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Other euselachians 


Palaeospinax 

Hybodus 


Tristychius 

Onychoselache 

Ctenacanthus 


Xenacanthus 


Diplodoselache 

Cladoselache 

Denaea 

Cobelodus 


Symmorium 
Stethacanthus 
HOLOCEPHALANS 

Figure 5-9. INTERRELATIONSHIPS OF CERTAIN ELASMO- 
BRANCH GROUPS. Cladogram, slightly modified from Young (1982), 
showing the distribution of advanced (or derived) characters thought 
to link a series of nested sister groups. The characters are as follows: 

1. Prominent metapterygial axis in the pectoral fin; palatoquad- 
rates with palatine processes and symphyseal connection. 

2. Loss of pharyngohyal and development of an articulation be- 
tween the hyomandibula and the braincase (assuming the un- 
modified hyoid arch of holocephalans is primitive). 

3. Loss of dorsal fin-spine and development of a short, deep neu- 
rocranium and large orbits. 

4. Two dorsal fins, each with an unornamented spine lacking an 
outer orthodentine coat. 

5. Ctenacanthiform type of fin-spine consisting mainly of osteo- 
dentine with little or no lamellar tissue and an ornamented 
outer coat of orthodentine. Spine cross-section is triangular 
with a posteriorly placed central cavity, a thinner, flat-to-con- 
cave posterior wall, and no posterior ornament or denticles. 

6. Evolution of an anal fin. 

7. Braincase with elongated otic region and large semi-circular 
canals. 

8. Fin-spines deeply embedded between the myotomes. 

9. Tribasal pectoral fin. 

10. Caudal fin not lunate. 

1 1. Calcified ribs. 

12. Pectoral metapterygial axis reduced or lost. 

13. Hybodontiform type of fin-spine, oval in cross-section, with a 
centrally placed cavity and posterior denticle rows. 

14. Teeth lacking a lingual torus. 

15. Aplesodic pectoral fin (radials supplanted by ceratotrichia). 

16. Calcified centra. 

17. Jaws sub-terminal and hyostylic. 

18. Right and left halves of pectoral and pelvic girdles fused ven- 
trally. 

19. Smooth fin-spines with clearly defined mantle and trunk com- 
ponents, the latter made up largely or completely of lamellar 
tissue. 
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5-8 c, d ) are as yet known from little more than the den- 
tition and tooth-bearing elements of the skull. The re- 
mainder of the skeleton was apparently poorly calcified, 
making preservation very difficult. 

The skeleton is better known among the caseodon- 
toids, but even here our knowledge is limited. Fadenul | 
(see Figure 5-3c) resembles the Cladoselachida and Sym- 
moriida in having a fusiform body with an externally 
symmetrical caudal fin that is stiffened by large cartilag- 
inous plates. The anal fin is absent, and there is only a 
single, spineless dorsal fin located above the shoulder gir- 
dle. A large triangular cartilaginous plate supports the 
radials. The pectoral fin has an elongate, posteriorly di- 
rected axis, but it is not as extensive as that found in the 
Symmoriida. The pelvic girdle and limb are entirely miss- 
ing in this and other genera. 

The braincase is long and laterally compressed. The 
otico-occipital portion is very short, but the ethmoid re- 
gion is extended as a long rostrum. The gill arches are 
primarily behind the braincase, as in typical elasmo- 
branchs. In EadpRgt, the upper teeth are borne directly on 
the neurocranium, and it was assumed that the palato- 
quadrate was fused to the braincase in the manner of 
holocephalians. In (Figure 5-8a), the pal- 

atoquadrate is recognizable as a short element that still 
articulates freely beneath the orbit and with the postor- 
bital process as in other Paleozoic elasmobranchs. Zangerl 
(1981) suggests that lost the palatoquadrate en- 

tirely rather than fusing it to the braincase. Although it 
is apparently primitive in retaining a distinct palatoquad- 
rate, Qwmthffprifgi is specialized in having a long man- 
dibular rostral cartilage that articulates with the sym- 
physis of the lower jaw and extends far beyond the rostrum. 


SQUATINACTIDA, PETALODONTIDA, 

AND ORODONTIDA 

Although most Paleozoic elasmobranchs have a similar 
fusiform shape, a few approach the modern skates and 
rays in their habitus and others are elongate with reduced 
fins. Squatinactis (Figure 5-10a) has a skatelike body plan 
but a cladodont dentition, with sharp-cusped teeth. This 
genus, the only known representative of the order Squa- 
tinactida, is from the Upper Carboniferous of North 
America. The pectoral fins are greatly expanded like the 
modern genus $quatma (see Figure 5-1 6a), and the long 
straight tail has a spine near its end like that of stingrays. 
Nothing of the anatomy of this genus indicates special 
affinities with any other Paleozoic elasmobranchs. 

The petalodonts, which are usually classified with the 
holocephalians, also have obscure affinities. This assem- 
blage is known primarily on the basis of isolated teeth of 
a variety of patterns, which form a pavement dentition 
(Lund, 1977 a,b). Some 17 genera are recognized, ranging 
from the Lower Carboniferous through the Permian. Only 
Janassa (Figure 5- 10£>) and Heteropetalus show a well- 
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Figure 5-10. PALEOZOIC ELASMOBRANCHS WITH SPECIAL- 
IZED BODY FORM, (a) Squatinactis, rhe only known member of the 
Squatinactida, x 1. From Lund and Zangerl, 1 974. ( b ) Janassa, the only 
elasmobranch possessing a petalodent dentition for which the entire 
skeleton is known, x^. From Moy-Thomas and Miles, 1971, by per- 
mission from Chapman and Flail, Ltd. After Malzahn. ( c ) Jgodus, x 
A greatly elongate form with tiny fins. From Zangerl, 1981. 

preserved skeleton in association with the teeth. The body 
of janassa is strikingly similar to that of skates, with 
greatly expanded pectoral fins, and the pelvic girdle has 
an anteriorly directed iliac process. The gills are well be- 
hind the neurocranium, indicating affinities with elas- 
mobranchs rather than holocephalians. In this genus, the 
teeth are not replaced but accumulate to form a platform 
upon which rests the most recently formed tooth (see 
Figure 5-19c). Heteropetalus (1977b) has a more shark- 
like body form. 

Teeth that are referred to as O rodus (see Figure 
5 -7c) have long been recognized in Upper Paleozoic ma- 
rine sediments. They are wide based with a broad, ridged 
surface rather than sharp cusps, and they form a pavement 
dentition. Symphyseal teeth develop, but they are not greatly 
enlarged as is the case among the Eugeneodontida. In the 
past, Orodus teeth have been associated with various bet- 
ter-known groups of sharks, including edestoids and hy- 
bodonts. Recently discovered material from the Upper 
Carboniferous of North America demonstrates that this 
tooth pattern is characteristic of a distinct group of sharks 
having very long bodies and relatively small fins (Figure 
5-10c). They are among the largest of early sharks, with 
a length approaching 4 meters. Like the Symmoriida, they 


have only a single dorsal fin, no fin spines, and no anal 
fin. The body is covered with composite denticles formed 
from modified lepidomoria. Orodont teeth are known as 
early as the late Devonian, which indicates that this group 
was established nearly as early as more orthodox sharks. 


XENACANTHIDA 

In contrast with most Paleozoic elasmobranchs whose 
remains are found primarily in marine deposits, the Xen- 
acanthida (see Figures 5 -3d and e) was a predominantly 
freshwater group. Xenacanths are immediately recognized 
by their distinctive dentition. The teeth (termed 'ZDipio- 
dus ”) have two laterally directed cusps and a little button 
at the base that articulates with the next tooth in the jaw 
(see Figure 5-7 b). Such teeth are known from the' Lower 
Devonian to the end of the Triassic. Skeletal remains are 
found primarily in the Upper Carboniferous and Lower 
Permian. The pattern of the jaws resembles that of the 
Cladoselachida and Symmoriida, but the fin structure is 
highly specialized. The dorsal fin extends from just behind 
the head to the level of the caudal fin, from which it is 
differentiated by a slight notch. The notochordal support 
for the caudal fin is only slightly bent, and the supporting 
radials are arranged symmetrically above and below it to 
form a diphycercal caudal fin. There are two stalked anal 
fins, one behind the other. The pectoral fin has a long 
segmented central axis with radials diverging from both 
the pre- and postaxial borders. This pattern, termed ar- 
chipterygial, had been considered primitive for fish, but 
probably evolved from a pattern like that seen in the 
Symmoriida, with the addition of radials posterior to the 
metapterygial axis. There is a single dorsal fin spine that 
may articulate with either the shoulder girdle or the oc- 
cipital surface of the braincase. The pattern of the fins of 
xenacanths appears to be so different from that of other 
elasmobranchs that until recently the xenacanths were 
thought to be only distantly related to other Paleozoic 
sharks (Moy-Thomas and Miles, 1971; Schaeffer and Wil- 
liams, 1977). 

In 1981, Dick described a newly recognized genus, 
Diplodoselache from the Lower Carboniferous (see Figure 
5-3 d). This form is immediately identifiable as a xena- 
canth by its dentition and long dorsal fin, but the paired 
fins, the anal fin, and the caudal fin all resemble those of 
the ctenacanth sharks, which are described in the next 
section. This early genus demonstrates that xenacanths 
are closely related to one of the major groups of Paleozoic 
sharks and that all the peculiarities of the fins have evolved 
within the group. Dick attributes the elongation of the 
dorsal fin and the specialization of the anal and caudal 
fins to an accentuation of sinusoidal movements of the 
body, which may have provided a more effective mode 
of locomotion in the shallow, vegetation-choked, Car- 
boniferous coal swamps. 
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CTENACANTHIDA 

In our discussion of Paleozoic elasmobranchs, we have 
left to the last the phylogenetically most important group, 
the Ctenacanthida, which almost certainly includes the 
ancestors of all modern sharks, skates, and rays. Ctena- 
canthids broadly resemble the Cladoselachida and Sym- 
moriida but are readily distinguished by the structure of 
the fins and the nature of the fin spines (Maisey, 1982a). 
The spines differ in having an external covering or mantle 
of enameloid substance (see Figure 5-13). Like the outer 
layer of the scales and teeth, this material (when compared 
with modern sharks) was probably formed below the ep- 
idermis, which indicates that the distal end of the spine 
was exposed at the surface. The spine is deeply set between 
the myotomes and is supported by a large triangular car- 
tilage that fits into its base. An anal fin is present and the 
base of the pectoral fin has at least an incipient devel- 
opment of the tribasal structure common to modern sharks. 


In front of the metapterygium, two new fin supports known 
as the mesopterygium and propterygium have developed. 
The body is covered with placoid denticles or aggregates 
of modified lepidomorial scales. The ribs are typically 
calcified. 

We recognize two groups of Ctenacanthida in the 
late Devonian. The ctenacanthoids (Figure 5-1 la) are the 
more primitive and apparently represent a basal stock 
from which both the second group of Ctenacanthida, the 
hybodontoids, and the modern, neoselachian elasmo- 
branchs were derived. The ctenacanthoids survived into 
the Triassic but are primarily a Carboniferous group. None 
of the genera are adequately known. The braincase and 
jaws were weakly calcified; the notochord remained un- 
restricted, and the ribs were uncalcified. The dentition is 
cladodont. The pectoral fin resembles that of the sym- 
moriids; the anterior basals show some tendency toward 
formation of distinct pro- and mesopterygia, and the cau- 
dal fin is externally symmetrical and bilobate. In contrast 




Figure 5-11. CTENACANTHIDA AND NEOSELACHIAN SHARKS. (a)Ji'.tenacantbus, xj. From Schaeffer and Williams, 
1977. ( b ) The Lower Mississippian hybodont Tristychius, x J. From Dick, 1978. ( c ) The Mesozoic hybodont hlyhodus, Xy. 
From Schaeffer and Williams, 1977. ( d ) The Lower Jurassic neoselachian Palaeospinax, x j. From Schaeffer and Williams, 
1977. (e) The modern squaloid shark Squalns, Xj>. From Schaeffer and Williams, 1977. 
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to genera of normal proportions, Bandringa (Figure 
5-12), a small form known from both freshwater and 
marine deposits, has a greatly elongated rostrum. 

The hybodontoids (Figures 5-1 If? and c) are common 
from the Carboniferous into the Cretaceous and are the 
early Mesozoic successors of the ctenacanthoids as the 
dominant predaceous sharks (Maisey (1982b, 1983). Their 
fins have some advanced features that resemble the pattern 
of modern sharks. In the Mesozoic, the tribasal nature of 
the pectoral fin is clearly established, the area of articu- 
lation with the scapulocoracoid is narrow, and the pos- 
terior axis is lost. The radials do not extend to the margins 
of the fins but are replaced distally by more flexible cer- 
atotrichia. A continuous puboischiadic bar joins the two 
sides of the pelvic fin. The caudal fin is clearly heterocer- 
cal, with a limited expression of the ventral lobe. Hy- 
bodonts are also advanced over the ctenacanthoids in the 
absence of articulation between the quadrate portion of 
the palatoquadrate and the postorbital process of the 
braincase and the elaboration of contact between these 
bones in the ethmoid region. 

Tristychius and Oncboselache from the Lower Car- 
boniferous show primitive features that demonstrate the 
affinities of early hybodonts with ctenacanths. In Oncho- 
selache, the radials extend to the fin margin, and in Tris- 
tychius the metapterygial axis is still long and, like that 
of most xenacanths, bears radials on both the pre- and 
postaxial surfaces. The otic region of the braincase is 
relatively long in both these genera. 

According to Maisey (1975), the configuration of the 
fin spines provides a consistent basis for distinguishing 
hybodontoids and ctenacanthoids. In ctenacanthoids, the 
posterior surface of the base of the spine is concave, thinly 
walled, and typically not ornamented. Among hybodonts, 
the posterior surface is convex, thick walled, and orna- 
mented (Figure 5-13). Both patterns of spines can be rec- 
ognized as early as the late Devonian. The individual teeth 
of hybodonts (see Figures 5-7 d and e ) tend to have blunter 
cusps than those of ctenacanthoids. There is also a greater 
variety of tooth shapes within the mouth, suggesting that 
hybodonts fed on a broad range of prey. 

The hybodonts were common in the Triassic and 
Jurassic, but their numbers were greatly reduced by the 
late Cretaceous. The advanced hybodonts were contem- 
poraries of the early neoselachians and paralleled them 
in many features that were more advanced than the early 



Figure 5-12. THE UPPER CARBONIFEROUS CTENACANTH 
BANDRINGA, xl. It is known both from freshwater and marine de- 
posits. From Baird, 1978. Courtesy of the Library Services Department, 
American Museum of Natural History. 





Figure 5-13. (a) Fin spine of Squalus showing mantle and trunk por- 

tions. After Zangerl, 1981. ( b-d ) Diagrammatic transverse sections of 
the fin spines of ( b ) ctenacanth, (c) hybodont, ( d ) Palaeospinax. From 
Maisey, 1977 . With permission from the Zoological Journal of the Lin- 
nean Society. Copyright 1977 by the Linnean Society of London. 
(e) Head spine of a hybodont shark. From Maisey, 1982. 


ctenacanthid level. Because of the similar body form and 
the specific configuration of the fins, paleontologists once 
thought that the Mesozoic hybodonts were ancestral to 
one or more groups of modern elasmobranchs. Maisey 
(1982b) pointed out a number of specialized character- 
istics of hybodonts that are not present in the neosela- 
chians. The most important feature that defines the Me- 
sozoic hybodonts is the presence of one or two pairs of 
hook-shaped cephalic spines (Figure 5-13e). Details of the 
jaw suspension and the histology of the teeth and scales 
may also be unique to this assemblage. 

Our knowledge of Paleozoic and early Mesozoic elas- 
mobranchs is still very limited. Many genera are known 
only from teeth or spines, and several groups that are 
recognized on the basis of very distinct anatomical pat- 
terns are known from very few specimens, a single geo- 
logical horizon, or a limited geographical area. 

Despite the obvious deficiencies of the fossil record, 
Paleozoic sharks represent a much wider adaptive spec- 
trum than do the genera living today. In addition to the 
habitus occupied by modern sharks, there were analogues 
of the modern skates and rays, as well as groups with a 
variety of patterns of pavement dentition that are difficult 
to compare with those of any fish living today. Several 
orders probably occupied habitats that were taken over 
after the Triassic by various groups of bony fish. 


Neoselachii 

The Ctenacanthida are the only Paleozoic sharks that 

survived beyond the early Mesozoic. Sometime in the 
Triassic or possibly as early as the Permian, members of 
this order gave rise to a distinct group, the Neoselachii 
(modern sharks, skates, and rays), which dominated the 
seas of the late Mesozoic and Cenozoic. The earliest ad- 
equately known neoselachians are from the early Jurassic 
and already show several significant advances over the 
early Ctenacanthida in structures associated with feeding 
and locomotion. 

The vertebral centra are strongly calcified to resist 
compressional forces associated with swimming. The pel- 
vic girdle becomes fused at the midline, and the two halves 
of the pectoral girdle either articulate with each other or 
are fused. The basal elements that support the fins are 
further concentrated to articulate more effectively with 
the girdles. The radials are reduced, and the more flexible 
ceratotrichia become the major elements that support the 
distal portion of the fins. The fin spines are reduced and 
lose their ornamentation. 

Among early neoselachians, the relationship between 
the braincase and the jaws is modified to form a more 
maneuverable feeding apparatus. The postorbital process 
of the braincase and the otic portion of the palatoquadrate 
are reduced so that the upper jaw moves freely. The hy- 
omandibular serves as a movable link between the back 
of the braincase and the area of articulation between the 
upper and lower jaws, allowing the jaws to be raised and 
lowered relative to the braincase and move fore and aft 
(Figure 5-14). In sharks that feed on large prey, the jaws 
can dig into the body and gouge out large pieces. In genera 
feeding on smaller prey, the mobile jaws form an effective 
suction device. Many of the neoselachians have an elon- 
gate rostrum that extends beyond the neurocranium. As 
a result, the mouth opens ventrally rather than terminally. 
The increased size of the nasal capsules leads us to believe 
that the sense of smell was augmented in early neosela- 
chians. 

In conjunction with the increased sophistication of 
feeding, locomotion, and enhanced sensory input, neo- 
selachians have larger brains than their Paleozoic ances- 
tors and other jawed fish. Recent work by Northcutt (1977) 
shows that large predatory sharks and advanced rays have 
the highest known brain weight to body weight ratio of 
any group of anamniotic vertebrates and even exceed that 
of many birds and mammals. The telencephalon is en- 
larged, and both the forebrain and the cerebellum become 
enfolded like those of advanced mammals. 

The earliest neoselachians includ t Paiaeospinax (Fig- 
ure 5-1 Id) from the Lower Jurassic and some vertebrae 
and spines from the Triassic that may represent more 
ancient members of the lineage (Maisey, 1977). Early neo- 
selachians retain many features that link them with more 
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Figure 5-14. BRAINCASE AND JAWS OF THE MODERN SHARK 
CARCHARHINUS. Diagram showing movement of the palatoquadrate 
during feeding. The distal end of the hyoid and the posterior end of 
both jaws move laterally as the jaw is opened. From Moss , 1972. By 
permission of the Zoological Society of London. 

primitive sharks; the teeth have a basically cladodont pat- 
tern with small lateral cusps and the jaws are long and 
have a wide gape. The two dorsal fin spines and an anal 
fin of the ctenacanthid pattern are retained. 

We have not established the specific origin of the 
neoselachians. Similarities of fin structure to the Mesozoic 
hybodonts were apparently achieved by convergence. Dick 
(1978) and Young (1982) suggest that the neoselachians 
may be derived from Paleozoic hybodonts similar to*Tris- 
tychius prior to the origin of the specialized pattern of 
the hybodont fin spine. Maisey (1975) argued that the 
pattern of the neoselachian fin spine indicates affinities 
with more primitive ctenacanthoid sharks. These authors 
think that the lineage leading to the neoselachians must 
have been distinct from both major ctenacanthid groups 
since the early Carboniferous, which would indicate that 
the specific ancestors of the modern shark groups have 
no known fossil record from the early Mississippian to 
the end of the Triassic. 

We recognize three major groups of neoselachians 
from the Jurassic. The sharks themselves are divided into 
two orders, the galeoids (or galeomorphs) and the squa- 
loids (or squalomorphs). The skates and rays constitute 
a third order, the Batoidea. Compagno (1973, 1977) re- 
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Figure 5-15. HYPOTHESIS OF HIGHER ELASMOBRANCH MON- 
OPHYLY. Recent elasmobranchs are not distinguished as a monophy- 
letic group unless fossil taxa Palaeospinax and Synechodus are included. 
Numbers refer to the following derived characters. 

1. Fusion of pelvic half-girdles into transverse puboischiadic bar. 

2. Presence of synchronomorial (nongrowing) scales. 

3. Hypotic lamina fused to floor of otic capsule, leaving the glos- 
sopharyngeal nerve enclosed by a canal. 

4. Notochordal sheath segmented and calcified between the mem- 
brana elastics interna and externa. 

5. Notochord becomes constricted except intervertebrally. 

6. Fin spines have shiny enameloid mantle, lack posterior denti- 
cles. 

7. Scales have simple pulp cavity and single basal canal. 

8. Occipital condyles present (except for some sharks). 

9. Occipital hemicentrum incorporated into occiput (not batoids). 

10. Basicranial arteries arranged into a broad bell-shaped circuit. 

11. Adult hypophyseal duct closed externally. 

12. Three-layered enameloid ultrastructure in teeth. 

13. Only one or two intermediate pelvic segments between the 
metapterygium and clasper. 

14. Long metapterygium spans pelvic fin base (unknown in Sy- 
nechodus). 

15. No median ventral keel in the ethmoid region (unknown in 
Palaeospinax). 


16. Postorbital process reduced ventrally (unknown in Palaeospi- 
nax). 

17. Complete series of perichondrally calcified radials in the an- 
terior dorsal fin (unknown in Palaeospinax or Synechodus ; 
does not apply to hexanchoids or Pentanchus). 

18. Haphazardly fibered enameloid in teeth (except Palaeospinax, 
Synechodus, Squalicorax; many taxa nor yet sampled). 
b. Hypothesis of batoid relationships. Forms having “rhino- 
batoid” habitus (e.g., Rhinobatus, Spathobatis, Belemnobatis) 
are considered paraphyletic. Numbers refer to the following 
derived characters. 

19. Cornea attached directly to eye; upper eyelid absent. 

20. Anterior vertebrae fused to form synarcual. 

21. Suprascapulae joined over vertebral column, articulating with 
column or synarcual or fused to synarcual. 

22. Pseudohyal takes over function of ceratohyal. 

23. Pectoral fins expanded, anterior lobes continuous. 

24. Last hypobranchial articulates or is fused with the shoulder 
girdle. 

25. Antorbital cartilages present. 

26. Palatoquadrate lacks articulations with the neurocranium. 

27. Loss of ceratohyal-hyomandibular articulation. 

28. Propterygium contacts chondrocranium antorbitally. From 
Maisey, 1 984a. 


cently reviewed the relationships between these groups. 
Figure 5-15 illustrates relationships of the major groups 
of modern elasmobranchs. 

Although both shark groups are of equal antiquity 
and include a variety of primitive and highly specialized 
genera, the squaloids are more primitive in their general 
anatomy, in particular the small brain size. They are also 
geographically restricted. Galeoids have three times the 
number of genera and are the dominant marine carnivores 
in the tropical oceans. Squaloids tend to dwell in cold, 
deep water. 


SQUALOMORPHA 

The central squaloid stock includes the familiar labora- 
tory animal, the spiny dogfish Squalus. Being typical of 
the squalomorphs, Squalus has fin spines and lacks the 
anal fin. The braincase has a distinctive trough or scoop- 
shaped rostrum (see Figure 5-4c). This group shows some 
specializations toward bottom-dwelling habits. The spir- 
acle is usually large, but the body is well rounded and the 
pectoral fins are shaped normally. Some authors suggest 
that Protospinax { Figure 5-1 6a) from the Upper Jurassic 
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is close to the ancestry of the modern squalomorphs. 
However, it also shows features expected in batoid ances- 
tors, and Maisey (1976) suggests a close relationship be- 
tween these groups. Several modern squaloid genera are 
already known in the Upper Cretaceous. 

The pristiophoroids, or saw sharks, are specialized 
derivatives of the early squaloids, with a very long rostrum 
armed with laterally directed toothlike structures. The fin 
spines are lost in this group. Saw sharks are not recognized 
in the fossil record until the Upper Cretaceous, at which 
time they are represented by the living genus Pristiopbo- 
rus. 

GALEOMORPHA 

The galeomorphs are active sharks with fusiform bodies. 
The spiracle is small or absent, and the anal fin is always 
present. They are represented by several genera in the 


Upper Jurassic from Bavaria and France (Saint-Seine, 1949); 
Crnssorhinus, Phorcynis, and Corysondon appear to be 
primitive members of the group which includes the blind, 
nurse, zebra, wobbegong, and whale sharks of the modern 
fauna — the Orectoloboidea. The dominant predaceous 
sharks of modern seas are grouped in two superfamilies. 
We know the lamnoids, which include the sand tiger, 
crocodile, goblin, thresher, basking, mackerel, porbeagle, 
mako, and great white sharks, from the Lower Creta- 
ceous. We first recognize the carcharhinoids, including 
the cat, false cat, hound, leopard, soupfin, tiger, gray, 
sharpnose, blue, lemon, and hammerhead sharks, in the 
Eocene. Together, these groups account for more than 60 
percent of the modern shark species. The lamnoids and 
carcharhinoids are characterized by a tripod-shaped ros- 
trum (Figure 5-4 d) and the loss of fin spines. Possibly in 
correlated with the loss of fin spines, the dorsal fins are 
supported by a series of basals and radials rather than the 
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Figure 5-16. MESOZOIC BATOIDS. (a) Protospinax, from the Upper Jurassic, X j. Spathobatis, Upper 
Jurassic, xj. (c) Cyclobatis Upper Cretaceous, xj. From de Saint-Seine, Deuillers, and Blot, 1969. 
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broad basal plate that is characteristic of both the cten- 
acanthids and the squaloids. 

HEXANCHOIDS AND HETERODONTOIDS 

Two other groups of living sharks, the hexanchoids and 
heterodontoids, are typically distinguished from the more 
common galeomorphs and squalomorphs. They are quite 
different from one another anatomically, but both are 
significantly more primitive than the remaining sharks and 
have been thought to represent surviving lineages of the 
hybodont radiation. 

The hexanchoids include four living genera, Hex- 
anchias, Heptrancbias, Notorhynchus, and Chlamydo- 
selacbus. They are specialized in the loss of the anterior 
dorsal fin and both fin spines, but the nature of the jaw 
suspension has been considered to be particularly prim- 
itive. Like the Paleozoic sharks, they retain a strong post- 
orbital process on the neurocranium, which suggests that 
an amphistylic jaw suspension is retained. They also lack 
fully calcified vertebral centra. 

Recent studies by Maisey (1980, 1982b) indicate that 
the palatoquadrate is capable of considerable dorsoven- 
tral movement and that the sharp distinction made be- 
tween amphistylic and hyostylic jaw suspension in living 
sharks is not justified. The absence of calcified vertebral 
centra in these genera may be a specialized (and not a 
primitive) feature, because the notochord shows septate 
subdivisions. 

Based on other anatomical features, these sharks may 
be allied with the most primitive group of neoselachians, 
the Squalomorpha. There is no fossil evidence to justify 
the assumption that they were directly derived from the 
major hybodont radiation of the Triassic and Jurassic. 
Hexanchoids were present in the Jurassic, but Chlamy- 
doselachus is represented by fossils only during the Ter- 
tiary. 

The presence of six or seven gill slits in hexanchoids 
is almost certainly a specialization rather than a retention 
of a primitive condition, since no Paleozoic sharks are 
known to have more than five. The teeth of hexanchoids 
are sharp cusped but quite unlike those of the older se- 
lachians; they are peculiar sawtooth structures in Hex- 
ancbias; they are three pronged in Chlamydoselachus. 

Heterodontus, known from the Upper Jurassic, has 
a crushing dentition (see Figure 5-7 g) that generally re- 
sembles that of some hybodontoids but was apparently 
separately evolved. The two dorsal fins have fin spines, 
but this is an attribute of primitive neoselachians and does 
not imply a more ancient origin (Maisey, 1982c). The 
centra are well developed. The palatoquadrate is not braced 
by the postorbital process but retains a more medial, an- 
teroventral support. Heterodontoids share many features 
of their soft anatomy and jaw structure with the orec- 
toloboids. These features suggest a relationship to the 
galeomorphs. 


BATOIDS 

The living batoids are among the most readily definable 
group of chondrichthyans and evolved from a common 
ancestor in the early Jurassic. A series of interrelated changes 
occurred as a result of their bottom-dwelling habit and 
the great elaboration of the pectoral fins. The body is very 
dorsoventrally flattened and the anal fin is lost. The eyes 
are dorsal ly placed. The spiracle, used for intake of water, 
has shifted to a dorsal position and is much enlarged; the 
remaining gills have shifted to a ventral position. The 
anterior vertebrae are fused into a rigid synarcual (as in 
placoderms) to facilitate dorsoventral movement of the 
head on the trunk. The anterior basal element of the pec- 
toral fin, the propterygium, extends anteriorly to the front 
of the head and articulates with a new element, the an- 
torbital cartilage. The fin fuses to the head above the gill 
openings, and the pectoral girdle either articulates with 
or has a fixed attachment to the vertebral column. The 
jaws become even more mobile than in sharks; the pal- 
atoquadrate loses the suborbital articulation and in most 
genera the ventral element of the hyoid arch, the cera- 
tohyal, becomes separate from the hyomandibular. 

Swimming is accomplished by an up-and-down mo- 
tion of the enormously expanded pectoral fins; the tail 
tends to be reduced and is often a mere whiplash; the 
dorsal fins are reduced or absent. Skates and rays are 
omnivorous; the teeth are usually flattened and often form 
a solid crushing pavement (see Figure 5-7 h), enabling them 
to feed on hard-shelled invertebrates. 

The most primitive of the modern raylike fishes, 
Squatina (Figure 5-17 a) is separated taxonomically from 
the remainder of the batoids because few of the specialized 
skeletal features that characterize the group are fully de- 
veloped. The body is very much dorsoventrally flattened, 
and the pectoral fins are greatly expanded but do not fuse 
with the head. The spiracles and eyes have shifted dor- 
sally, but the gill openings are still ventrolateral. There is 
only a trace of a synarcual. Squatina is known as early 
as the Upper Jurassic. It has retained a morphological 
pattern very close to that of the oldest batoids. The pec- 
toral fin resembles that of Protospinax (see Figure 5-1 6a). 

The earliest known rays are the guitarfishes, or Rhi- 
nobatoidea, represented in the Upper Jurassic by Spa- 
tbobatis (Figure 5-1 6b). They are primitive in retaining 
dorsal fin spines and relatively short propterygia but spe- 
cialized in having a long rostrum. 

All other batoids may have evolved from the early 
rhinobatoids, but no intermediates between the various 
well-established lines have been found. The pristoids, or 
sawfish, retain the basically primitive features of the rhi- 
nobatoids. The synarcual is extremely short and the sca- 
pulocoracoid is not fused to the neural arches. However, 
the rostrum is greatly extended and resembles that of the 
sawsharks in having laterally directed toothlike struc- 
tures. The pristoids do not appear in the fossil record until 
the Lower Cretaceous. 
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Torpedinoids, the torpedo rays, also retain a number 
of primitive features, such as well-defined dorsal fins and 
a connection between the hyomandibular and the cera- 
tohyal. They do not appear in the fossil record until the 
Paleocene. Their most notable specialization is the huge 
electric organs developed from the muscles of the pectoral 
fin. 

The rajoids, or skates, are readily derived from the 
primitive rhinobatoids. They have reduced dorsal and 
caudal fins, and the pelvic fins are nearly supplanted by 
the enlarged pectorals. The pectoral-synarcual complex is 
enlarged and strengthened. The rajoids appear in the fossil 
record in the Lower Cretaceous, represented by the mod- 
ern genus Raja. Cycle, hates (Figure 5-16c) is a well-known 
Upper Cretaceous genus. 

The myliobatoids are known from the Paleocene and 
are the most numerous of the batoids. There are 18 to 
20 living genera, which include the stingray and the but- 
terfly, eagle, cownosed, and devil rays. The suprascapula 
is fused to the side of the synarcual to form a socket for 
the articulation of the dorsal tip of the pectoral girdle. A 
second synarcual is present behind the first. The head is 
short and has no rostrum. The myliobatoids were prob- 
ably derived from rhinobatoids of essentially modern 
morphology. The fossil record indicates that radiation of 
all the major types of batoids occurred by the early Cre- 
taceous. 



Figure 5-17. MODERN SKATES AND RAYS, (a) Angel “shark” 
Squatina. From Compagno, 1977. [b) Raja, 50 centimeters long, (c) 
Torpedo, 80 centimeters long, (d) Devil ray, Manta, 4 meters wide. 
(b—d) From Btgelow and Schroeder, 1953. 
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Holocephali 


CHIMAERIFORMES 

Although we have not determined specific relationships 
among the Paleozoic sharks, the general pattern of evo- 
lution of the elasmobranchs appears relatively well estab- 
lished. This is not the case among the animals grouped 
as holocephalians. Rather than tracing this assemblage 
from its origin in the Paleozoic, we must begin with the 
living genera and try to trace their ancestry among a con- 
fusing assemblage of Paleozoic groups whose general re- 
lationships have not been determined. 

The modern holocephalians — the chimaeras or rat 
fish — differ from modern and Paleozoic sharks in many 
respects. The palatoquadrate is short and fused with the 
neurocranium. The gills lie beneath the back of the brain- 
case and are covered by an operculum. A spiracle appears 
as a transitory structure during development but is absent 
in the adult. The first gill arch is not recognizable as a 
supporting hyomandibular. The identity of a separate dor- 
sal element as a pharyngohyal led to the suggestion that 
the hyoid arch never had a supporting role in the ancestors 
of chimaeras. Maisey (1984a) argues convincingly that 
this element is not a pharyngohyal and that the hyoid arch 
is comparable with that of elasmobranchs. The dentition 
is reduced to two pairs of tooth plates in the upper jaw 
and one in the lower jaw, which are not replaced but 
grow at the margin during ontogeny. The notochord is 
little restricted, but in most living genera, there are several 
ring-shaped perichordal calcifications to each body seg- 
ment. The anterior vertebrae unite to form a synarcual to 
which an anterior dorsal spine articulates. The caudal fin 
is not obviously heterocercal but is reduced to a narrow 
whip. As in primitive sharks, the pelvic girdle is paired, 
but the pectoral girdle has fused at the midline. In addition 
to having claspers on the pelvic fins, the males have clasp- 
ing organs on the “forehead.” The sensory canals are in 
open grooves formed by crescentic scales. 

The affinities of modern holocephalians with sharks 
are evidenced by similar fin structures, the prismatic cal- 
cification of the cartilage, and similarities of their repro- 
ductive system. 

The six living genera of chimaeroids are all marine 
and are placed in three families. Within the Chimaeridae, 
the genus Chimaera is known from the Lower Eocene and 
several extinct genera are present in the Middle Jurassic. 
The modern genera of the Rhinochimaeridae are un- 
known as fossils, but genera from the Lower Tertiary and 
Cretaceous can be included within the family. The only 
genus in the family Callorhynchidae is first known in the 
Upper Cretaceous. Although never diverse, the modern 
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Figure 5-18. HOLOCEPHALIANS. (a) The chimaeroid Ischyi us, 
from the Middle Jurassic, x J. From Patterson, 1 965. (b) Helodus, Upper 
Carboniferous, x|. From Moy-Thomas and Miles, 1971. ( c ) Chon- 
drencbelys. Lower Carboniferous, x J. From Moy-Thomas and Miles, 
1971. ( b and c). By permission from Chapman and Hall, Ltd. 



families show a very persistent pattern, and the genus 
lschy\odus (Figure 5-18) from the Upper Jurassic is es- 
sentially like members of the living fauna. These three 
families are included in the suborder Chimaeroidei within 
the order Chimaeriformes. Several other genera from the 
Jurassic show broad similarities with the living chima- 
eroids but are placed in distinct suborders — the Squalo- 
rajoidei and the Myriacanthoidei (Patterson, 1965). 

Recently, fossils have been discovered that suggest 
that a nearly modern chimaeroid pattern was achieved by 
the Carboniferous. Similihariotta (Figure 5 -20a), from the 
/Middle Pennsylvanian, has a body form similar to that of 
the modern chimaeroid genus Hariotta (Zangerl, 1979). 
The only definitely established difference is the absence 
of a synarcual spine. Unfortunately, the single specimen 
on which this genus is based is very immature. None of 
the skeleton is calcified and detailed comparison is not 
possible. 

The late Mississippian genus Echinochimaera (Figure 
5-20 b) is better known. While it is specialized in some 
respects that preclude it from actual ancestry of the living 
families, Echinochimaera can be included in the same 
order. It is primitive in retaining a complete covering of 
placoid denticles and the fin spine is ornamented. The 
lateral line canals are enclosed by small denticles rather 


than by large crescentic scales, and the head has no clas- 
pers (Lund, 1977c). 

These specimens indicate that chimaeroids are much 
more ancient than any groups of modern elasmobranchs. | ^/ / 
What is known of the anatomy of Echinochimaera ap- 
pears so similar to that of the living families that it supplies 
little information about the ultimate ancestry of the group 
beyond their general chondrichthyan affinities. 



Figure 5-19. DENTITION OF CHIMAEROIDS AND “BRADYO- 
DONTS.” (a) The Jurassic chimaeroid Myriacanthus, upper and lower 
dentition, symphyseal plate of lower jaw links mandibular plates, x J. 
Seen as if looking directly into an open mouth. From Patterson, 1965. 
(b\) Upper and lower dentition of Cochliodus. (b z ) Section shows curling 
of margin of plate associated with continuous growth, x J. From Pat- 
terson, 1968. (c) Janassa, a petalodont, anterior dentition in vertical 
section. From Zangerl, 1981. (d) Deltoptychius, a Lower Carboniferous 
menaspoid, X J. From Patterson, 1965. (e) Copodus, possible recon- 
struction of the symphyseal dentition, xj. From Zangerl, 1981. 
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Figure 5-20. (a) Stmilihariotta , a possible chimaeroid from the Upper 

Carboniferous, approximately natural size. From Zangerl, 1979. ( b ) 
Echinochimaera , a possible chimaeroid from the Lower Carboniferous, 
approximately natural size. Photograph courtesy of Richard Lund. 


No skeletons of chimaeroids are known prior to the 
late Mississippian. Tooth plates known as cochliodonts 
(Figure 5-19 b), which broadly resemble those of chima- 
eroids, are known as early as the late Devonian. Articu- 
lated specimens show a pair of large posterior tooth plates 
in the upper jaw and two or three large plates in the lower 
jaws, as well as several smaller anterior plates that resem- 
ble shark teeth. The large plates grew at the margins in 
the manner of modern chimaeroids. 

Other patterns of tooth plates known from the Pa- 
leozoic might be from animals related to the cochliodonts, 
but there is no strong evidence. The copodonts (Figure 5- 
19e) apparently have only a single functional tooth in the 
upper and lower jaws. The psammodonts have several 
rectangular plates arranged in two rows that meet at the 
midline. These and other types of tooth plates have been 
collectively referred to as bradyodonts on the assumption 
that they grew and were replaced very slowly. 

In addition to these isolated tooth plates, the Helo- 
dontidae provides indirect evidence of an early stage in 
the evolution of chimaeroids. This family is known from 
the Upper Devonian into the Permian. The general con- 
figurations of the skull and postcranial skeleton in the 
Upper Carboniferous genus Helodus (Figures 5-186 and 
5-21) resemble those of the chimaeroids, in particular the 
structure of the synarcual and holostylic jaw suspension. 
The dorsal fin spine is unornamented and articulates with 


the synarcual, as in modern chimaeroids. The dibasal pec- 
toral fin has a structure that is almost identical to that of 
modern chimaeroids, although the pectoral girdle is not 
fused at the midline. However, Helodus is strikingly dif- 
ferent in lacking large tooth plates. There are a series of 
smaller elements (about 10 in each jaw ramus) that appear 
to result from the partial fusion of flattened, sharklike 
teeth. As in primitive sharks, there are no calcified centra, 
and the tail is definitely heterocercal. The scales are pla- 
coid. Helodus is known only from freshwater deposits 
and is much too late in time to be an actual ancestor of 
chimaeroids, but its anatomy is what would be expected 
in a Devonian ancestor if chimaeroids did evolve from 
sharks. 


MENASPOIDS, CHONDRENCHELYS, 

AND INIOPTERYGIANS 

In addition to the chimaeroids and the Helodontidae, a 
number of Paleozoic chondrichthyans are known from 
more or less complete skeletons that resemble the modern 
holocephalians in either the nature of their dentition and/or 
the fusion of the palatoquadrate to the neurocranium. 
These genera all have gills that are closely arranged be- 
neath the back of the braincase and a shoulder girdle that 
is close to the occiput, but the remainder of their anatomy 
is very different from that of the chimaeroids. 

Menaspoids are a Carboniferous and Permian group 
in which the dentition (see Figure 5-19d) resembles that 
of the chimaeroids, but what \ye know of the remainder 


Figure 5-21. NEUROCRANIUM OF HELODUS, A POSSIBLE REL- 
ATIVE OF THE CHIMAEROIDS FROM THE UPPER CARBONI- 
FEROUS. (a) Dorsal view. ( b ) Ventral view, x F Marginal teeth resemble 
those of sharks, but tooth families are in the process of fusion. From 
Moy-Thomas and Miles, 1971. By permission from Chapman and Hall, 
Ltd. 
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of the anatomy is specialized in quite a different way. The 
body is dorsoventrally flattened and the denticles have 
coalesced to form a nearly continuous dermal armor. There 
are no dorsal fins, but one genus has three pairs of spines 
articulating with the head. Menaspoids, which were last 
- reviewed by Patterson (1968), may be very divergent chi- 
maeroids or a quite unrelated group. Cbondrencheiys 
(Figure 5- 18c) and Harpagofututor (Lund, 1982) repre- 
sent another group from the Carboniferous that has a 
somewhat chimaeroid dentition. Cbondrencheiys has four 
pairs of tooth plates in the upper jaw. The elongate pos- 
terior plates lie side by side. The two small anterior pairs 
y are arranged longitudinally. There are three pairs of tooth 
plates in the lower jaw, a small anterior plate and, as in 
the upper jaw, two elongate posterior plates side by side. 

The skull generally resembles that of chimaeroids, 
and the palatoquadrate is indistinguishably fused to it. In 
contrast, the postcranial skeleton of this fish is grossly 
similar to that of the xenacanth sharks. The dorsal fin is 
continuous with a diphycercal caudal fin. The two halves 
of the pectoral girdle are not fused at the midline, and 
the pectoral fin is an archipterygium. The pelvic fin bears 
a well-developed clasper. No synarcual or dorsal fin spine 
is present, but the notochordal sheath is calcified as seg- 
mented rings. We do not know whether the Chondren- 
chelyiformes are holocephalians that have converged on 
the xenacanth pattern of the fins or representatives of a 
distinct line of chondrichthyan fish. 

The recently described iroopt^rygsan%from the Penn- 
sylvanian of central North America (Figure 5-22) — first 
recognized by Zangerl and Case (1973) — are the most 
I bizarre of the well-documented chondrichthyans. They 
1/ resemble the chimaeroids in having gills under the back 
of the skull that are covered by an operculum. The head 
is disproportionately large, the body is stocky, and the 
tail is rounded except at the tip, which is expanded as an 
oval plate. 

Of the two otherwise similar families, the Inioptery- 
gidae have a separate palatoquadrate, but this bone is 
fused to the neurocranium in the Sibyrhynchidae (Stahl, 
1980). The dentition of the Iniopterygidae consists of many 
delicate teeth of the elasmobranch pattern; those at the 
symphysis are arranged in a whorl. In the Sibyrhynchidae, 
the marginal dentition consists of a series of tooth whorls 
formed by the fusion of the bases of the teeth in six tooth 
families in each jaw ramus. There is an additional sym- 
7 physeal whorl in the lower jaw. The mucous membrane 
of the roof and floor of the mouth is covered by stellate 
complexes formed from fused denticles. A large protrud- 
ing tubercle is present at the symphysis of both the upper 
and lower jaws, and a pair of lateral tubercles flanks the 
medial tubercle in the upper jaw. Polygonal dermal den- 
ticles form an incomplete armor atop the skull. There is 
no synarcual or dorsal fin spine in either family. The 
notochord was surmounted by segmental neural arches 
and supported ventrally by calcifications in the noto- 
chordal sheath. 
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Figure 5-22. INIOPTERYGIANS FROM THE CARBONIFEROUS OF 
NORTH AMERICA, (a) Restoration oljniopteryx in which the pala- 
toquadrate is not fused to the braincase, approximately 20 centimeters 
long. From Zangerl, 1981. ( b ) Restoration of Sibyrhynchus in which 
the palatoquadrate is fused to the neurocranium, original about 30 
centimeters Jong. From Zangerl and Case, 1973. {c) Ventral view of 
Iniopteryx, From Zangerl and Case, 1973. (d) Assumed swimming po- 
sition of the pectoral fins of Iniopteryx. From Zangerl and Case, 1973. 
(e) Sibyrhynchus, neurocranium with snout tubercles, tooth whorls and 
mouth plates. From Zangerl and Case, 1973. (b-e) Fieldiana Geological 
Memoirs. By permission from the Field Museum of Natural History, 
Chicago. 
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The position and configuration of the pectoral fin are 
the strangest features of these animals. The fin articulates 
high on the lateral edge of the scapulocoracoid and ap- 
parently moved primarily in a dorsoventral direction. The 
base of the fin is formed from a large quadrangular block 
of cartilage to which a series of radials articulated. The 
first radial is by far the largest and is especially massive 
in males, where it bears a series of large hooks. The single 
dorsal fin is supported by a series of radials that are fused 
both distally and proximally. The pelvic girdle is a simple 
rod of cartilage that articulated with a massive basal bear- 
ing a large tenacular hook. There are many short radials 
that are succeeded by ceratotrichia. The claspers are in 
the form of long segmented rods. 

If Zangerl (1981) is correct in assuming that the lo- 
cation of the gills beneath the back of the braincase and 
the anterior position of the shoulder girdle are primitive 
features of Chondrichthyes, there are no specialized char- 
acteristics of the iniopterygians that indicate close rela- 
tionship with the holocephalians, as exemplified by the 
Chimaeriformes. The dentition of the iniopterygians can 
be derived from the pattern known in primitive elasmo- 
branchs. The specializations of the appendicular skeleton 
show no significant similarities to the pattern of any early 
elasmobranchs or holocephalians. 

Rather than attempt to classify iniopterygians with 
either of the major groups of chondrichthyans, we may 
place them in a separate assemblage until more is known 
of their possible relationships. 

Summary 

The configuration of the jaws and regular pattern of 

tooth replacement in Chondrichthyes and Ostei- 
chthyes indicate that they share a common ancestry above 
the level of the placoderms. The Chondrichthyes include 
two major groups, the elasmobranchs and holocephali- 
ans, which are characterized by prismatic calcification of 
the cartilage and internal fertilization. 

The elasmobranchs underwent tw o major radiations, 
one in the late Silurian and early Devonian, and a second 
in the early Mesozoic. The interrelationships of the major 
groups of Paleozoic elasmobranchs remain uncertain. The 
ancestry of the modern elasmobranchs lies among the 
Ctenacanthida, which first appears in the late Devonian. 
The neoselachians may have diverged from the Ctena- 
canthida as early as the Carboniferous, but well-preserved 
remains are not known until the Lower Jurassic. The three 
modern orders, Galeoidea, Squaloidea, and Batoidea, share 
a common ancestry in the early Mesozoic, characterized 
by calcification of the vertebral centra and a hyostylic jaw 
suspension. All the modern elasmobranch families had 
differentiated by the early Cretaceous. 

Holocephalians of the modern order Chimaeriformes 
are known from the early Carboniferous. They differ from 


elasmobranchs in the close association of the gill supports 
with the back of the skull, the presence of an operculum, 
and the fusion of the palatoquadrate with the braincase. 
The dentition consists of a small number of large, con- 
tinuously growing tooth plates. Numerous chondri- 
chthyan orders are known in the Paleozoic which share 
one or more of these features with the modern holo- 
cephalians, but their interrelationships have not been 
established. 
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Acanthodians and 
Primitive Bony Fish 


Most modern fishes belong to a single, extremely diverse 
group, the Osteichthyes, or bony fish, which have dom- 
inated marine and freshwater environments since the Mid- 
dle Paleozoic. In contrast with the Chondrichthyes, 
the Osteichthyes have an endoskeleton that is well 
ossified and dermal bones and scales that cover the body. 
Bony fish are also characterized by the presence of a swim 
bladder. 

Living bony fish are divided into two major groups, 
the actinopterygians, or ray-finned fishes (such as the trout 
and the perch and more than 25,000 other living species), 
and the much less common lobe-finned fishes, or sarcop- 
terygians (including the lungfish and coelacanth). Modern 
actinopterygians are the most diverse of all vertebrate 
groups, while Paleozoic sarcopterygians are phylogenet- 
ically significant because they include the ancestors of all 
terrestrial vertebrates. 
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Acanthodians 

Before we discuss these advanced subclasses, we must 

consider an enigmatic group of early bony fish whose 
relationships are difficult to establish: the acanthodians 
(Figures 6-1 to 6-6), known from the Silurian to the end 
of the Lower Permian. At first glance they resemble mod- 
ern bony fish except for the markedly heterocercal caudal 
fin and stout spines that support all the fins except the 
caudal. Although the palatoquadrate resembles that of 
Chondrichthyes and orthodox bony fish, the teeth have 
a different histology (without an enamel-like surface) and 
they do not show evidence of regular replacement. This 
feature takes on major importance in establishing the re- 
lationship of the acanthodians, because the pattern of 
tooth replacement is so important in differentiating Chon- 
drichthyes and the major groups of Osteichthyes from 
placoderms. We may need to recognize acanthodians as 
a distinct class separate from both Osteichthyes and 
Chondrichthyes. However, the similarities between acan- 
thodians and Osteichthyes make it more convenient to 




discuss this group with the true bony fish. Denison (1979) 
recently reviewed the acanthodians; Miles (1965, 1968, 
1973a, b), Jarvik (1977), Orvig (1973), and Watson (1937) 
published important earlier accounts. 

Acanthodians are the first jawed fish to appear in the 
fossil record. They are represented by scales, teeth, and 
fin spines in near-shore marine deposits of the Upper Sil- 
urian and by isolated spines as early as the Lower Silurian. 
More complete material is known from the Lower De- 
vonian, and the group continues in diminishing numbers 
into the Lower Permian. Most were small fusiform fish, 
but the largest reached a length of over 2 meters. They 
may have possessed a swim bladder, although there is no 
direct evidence. 

The conspicuously heterocercal tail broadly resem- 
bles that of sharks. However, a similarly shaped tail is 
also evident in many primitive bony fish. There may be 
one or two dorsal fins. Acanthodians are distinguished 
from all other primitive fish by the presence of conspic- 
uous fin spines on the anal and paired fins as well as the 
dorsal fins, which must have provided a very effective 
defense against predators. Many genera also have a num- 
ber of intermediate spines between the pectoral and pelvic 




If) Neural arch 
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Figure 6-1. ACANTHODIAN FISHES. This group is characterized by in ventral view, xj. (c) Diplacanthus, family Diplacanthidae, xl.(d) 

conspicuous fin spines anterior to the pelvic, pectoral, anal, and dorsal Ischnacantbus, family Ischnacanthidae, x ij. (e) fiomahicanthus, family 

fins. Primitive genera have several pairs of spines without accompanying ” Acanthodidae, x 1. (/) Acanthodes shewing internal skeleton, x J. From 

fin structures between the pectoral and pelvic fins, (a) Climatius! family Moy-Thomas and Miles, 1971. By permission from Chapman and Hall, 

Climatiidae, in lateral view, x 5 . (b) Euthacantbus, family Climatiidae, Ltd. 
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rows and are comparable in structure to the fin scales or 
lepidotrichia in early osteichthyan fish, although they also 
resemble those of osteostracan ostracoderms. 

The dorsal fin of the acanthodian Diplacanthus, the 
pelvic fin of Cheiracanthus, and the pectoral fins of other 
genera have a second, deeper layer of fin supports. They 
resemble lepidotrichia in size and orientation but are not 
jointed, although they may have periodic nodes. They 
have been compared with ceratotrichia in sharks. 

The head is covered with large dermal scales that 
vaguely resemble the dermal bones of the Osteichthyes, 
although the individual elements cannot be homologized 
(Figure 6-3). The gill region is protected by a variable 
covering of enlarged scales. We cannot recognize a clearly 
defined spiracular gill slit. There usually is a large anterior 
gill cover supported by a number of elongated scales that 
extend posteriorly from the hyoid arch. In primitive gen- 
era, smaller ancillary gill covers protect the more posterior 
gill openings. In advanced genera, the hyoid gill cover 
extends posteriorly to form a complete operculum. 



layer 

Figure 6-2. SCALES OF PRIMITIVE BONY FISHES, (a) The pattern 
of primitive acanthodians exemplified by Nostolepis, in which the bony 
base is cellular, x 40. ( b ) Acantbodes, which lacks lacunae for bone 
cells, x20. (c) The primitive osteichthyan fish Cheirolepis, x30. From 
Moy-Thomas and Miles. 1971. By permission from Chapman and Hall , 
Ltd. 

girdles. These are most numerous (up to six pairs) in the 
more primitive genera and may be lost entirely in the 
Permian forms. The intermediate spines have no accom- 
panying fin structure. 

Primitive acanthodians are completely covered with 
small, thin, nonoverlapping scales that generally resemble 
those of elasmobranchs. However, the absence of a pulp 
cavity distinguishes them from the denticles of primitive 
sharks, as does the pattern of growth that occurs through 
the addition of concentric layers of tissue. The scales are 
formed of a dentine or dentine-like superficial portion and 
a bony base. In primitive acanthodians such as Nostolepis 
(Figure 6-2), the scales have lacunae for bone cells, but 
these are lost in later genera such as Acanthodes. In some 
acanthodians, the scales ossify slowly and the body is 
partially naked during development. The fins are covered 
with scales that are similar, albeit smaller, than those on 
the general body surface. They are arranged in parallel 


[a) Ancillary gill covers 



Pectoral fin spine 



Figure 6-3. RESTORATIONS OF THE HEADS OF A C^NT HOD- 
IANS. ( a)J}racbyacantH&s , family Climatiidae, x 3.3. ( b ) IschnacanthuQ 
with scales outlining the course of the lateral line canals, x2.8. The 
small scales that cover the head cannot be directly compared with the 
dermal skull bones of ostheichthyan fishes. From Denison, 1979. 
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Figure 6-4. ENDOSKELETAL ELEMENTS OF THE HEAD OF THE 
LOWER PERMIAN ACANTHODIAN ACANTHODES. (a) Braincase 
in lateral view. ( b ) Braincase in ventral view. ( a and b) From Miles, 
1973b. With permission from R. S. Miles. Copyright 1973 by the Lin- 
nean Society of London, (c) Lateral view of visceral arch elements in 
articulation with braincase. Heavy stippling indicates hyomandibula and 
ceratobranchial; lighter stippling indicates cartilage. From Moy-Thomas 
and Miles, 1971. By permission from Chapman and Hall, Ltd. 


The endoskeleton of the head region is variably os- 
sified in acanthodians. It is best known in the late and 
obviously specialized genus Acanthodes, and the brain- 
case is adequately known only in this genus (Figure 6-4). 
It is at least superficially and possibly fundamentally sim- 
ilar to that of actinopterygians. Its multipartite structure 
consists of a number of paired and medial bones held 
together by extensive cartilage. A large dorsal ossification, 
incorporating the otic capsules posteriorly, forms much 
of the roof of the braincase. Dorsally, it is pierced by an 
anterior fontanelle that may have housed the pineal organ. 
Behind the broad recesses for the eyes, lateral extensions 
provide surface for articulation with the palatoquadrate. 
Paired lateral occipital ossifications behind the dorsal os- 
sification are separated from the otic capsules by a gap 
in ossification, the lateral cranial fissure. This gap, an 
important feature in actinopterygian fish, provided pas- 
sage for the Xth nerve. 

’ Two ventral ossifications complete the braincase. 
Posteriorly, the ventral occipital ossification is separated 
from the lateral occipital ossifications by wide, cartilage- 


filled gaps. Dorsally, this ossification is grooved for the 
notochord, which extends far forward into the braincase. 
The anterior basal ossification completes the floor of the 
braincase. It is comparable in position and structure to a 
complex of two bones in osteichthyans — the dermal par- 
asphenoid and the endoskeletal basisphenoid. Lateral pro- 
cesses from this ossification articulate with the medial 
surface of the palatoquadrate. The ethmoid region, in- 
cluding the olfactory capsules, is not ossified. 

The basic pattern of the endoskeletal jaw supports 
in acanthodians corresponds closely with that of primitive 
sharks and osteichthyans (Figure 6-4). Both the large 
cleaver-shaped palatoquadrate and Meckel’s cartilage ex- 
tend posteriorly behind the back of the braincase; the 
palatoquadrate does not extend anteriorly as far as the 
Meckel’s cartilage but stops at the level of the orbit. In 
primitive acanthodians, each bone ossifies as a single unit, 
but in the late and specialized genus Acanthodes, both 
form as a series of ossifications united by cartilage. 

In Acanthodes, each of the three areas of palato- 
quadrate ossification articulates with other parts of the 
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Figure 6-5. ACANTHODIAN TEETH. ( a ) Individual teeth of Clitnatius, much enlarged, (b) Ptomacanthus, family Cli- 
ntatiidac, tooth whorls of the upper jaw, x 8.5. (c) Nostolepis, family Climatiidae, tooth whorl in occlusal and lateral view, 
x.32 and x37. ( d ) Nostolepis, section through tooth whorl, x40. (e) Dentigerous jaw bones of members of the Ischnacan- 
thidac, x 7.9 and x 3.2. Individual teeth are not regularly replaced among the acanthodians. Teeth that arc fused to the jaws 
arc most heavily worn posteriorly and are added progressively at the front. From Denison, 1979. 


head. The posterior, or quadrate, unit forms the jaw ar- 
ticulation and is closely integrated with the hyomandi- 
bular. The dorsal, metapterygoid ossification articulates 
with the postorhital process of the braincase, and the 
antcro-ventral element, the autopalatine, articulates with 
the basipterygoid process of the anterior basal ossifica- 
tion. A trough-shaped dermal ossification, the mandibular 
bone, sheaths the ventral surface of Meckel’s cartilage 
throughout its length. 

The dentition of acanthodians differs significantly from 
that of other bony fish. Although many acanthodians have 
no teeth at all, we can recognize three types of teeth in 
those genera that do: isolated elements, tooth whorls, and 
teeth fused to the surface of the jaw bones (Figure 6-5). 
Some species show only a single type of tooth, while others 
possess both tooth whorls or isolated teeth and teeth fused 


to the jaws. Unlike primitive sharks and most bony fish, 
none of the three types of teeth is known to have been 
regularly replaced. 

Tooth wear increases posteriorly in teeth that are 
fused to the jaw, which suggests that teeth were added 
progressively at the front of the mouth. The tooth whorls 
resemble the fused tooth families of some sharks. They 
are aligned transverse to the jaws and may have been 
formed by the progressive addition of new teeth to the 
medial surface. 

The absence of a regular pattern of tooth replacement 
among the acanthodians suggests that it was not present 
in their immediate ancestors. If the acanthodians are close 
to the ancestry of other bony fish (as is indicated by the 
similarity of the braincase and scales), we may assume 
that advanced bony fish and the Chondrichthyes achieved 
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Figure 6-6. DERMAL SHOULDER GIRDLE OF CLIMATIUS IN 
VENTRAL VIEW, x 1.5. According to Miles, the presence of dermal 
elements associated with the shoulder girdle is a primitive feature of 
acanthodians. Denison feels that this condition has evolved within the 
group. From Denison, 1979. 

similar patterns of tooth replacement separately. Alter- 
nately, if Chondrichthyes and Osteichthyes inherited their 
pattern of tooth replacement from a common ancestor, 
acanthodians would not be closely allied to either of these 
advanced classes, and their skeletal similarities to Oste- 
ichthyes must have evolved independently. 

The hyomandibular is well known in Acanthodes, 
where it ossifies in two or more units. It articulates with 
the back of the braincase at two points and rests in a 
groove on the posteromedial surface of the palatoquad- 
rate. Five gill arches are posterior to the hyoid. 

As in other groups of primitive fish, vertebral centra 
in acanthodians are not ossified, but neural and haemal 
arches support the notochord dorsal ly and ventrally for 
most of the column length. There are no ribs. 

In many early acanthodians, the shoulder girdle is a 
complex combination of dermal and endochondral units 
closely associated with a series of dermal spines, as can 
be clearly seen in Climatiiis (Figure 6-6). The most con- 
spicuous element is a large pectoral spine that extends 
laterally far beyond the body wall. Its base is firmly at- 
tached to both a large dermal plate and the base of the 
scapulocoracoid. The most anterior of the intermediate 
spines extends from the same dermal plate. In other acan- 
thodians, the plates may be fused to one another in various 
ways, and one or more of the spines may be lost. In 
advanced genera, the pectoral spine has a movable artic- 
ulation with the dermal shoulder girdle. Miles (1973a) 
suggests that the presence of dermal elements is primitive 
for acanthodians. Denison (1983) argues that they evolved 
within the group. 

The Lower Permian genus Acanthodes belongs to an 
order that never showed evidence of dermal elements, 
even among the Lower Devonian members of the group. 
Among primitive relatives of Acanthodes, the pectoral 
spine is firmly fixed to the scapulocoracoid. In Acan- 
thodes, it articulated with the girdle and was presumably 
erected and depressed by muscles. 


The acanthodians’ scapulocoracoid appears to be solid 
superficially but is composed of a thin layer of perichon- 
dral bone surrounding a large space originally filled with 
cartilage. It forms as a single unit in primitive acanthodi- 
ans, but three distinct elements are evident in Acantho- 
des. The pelvic spine does not articulate with the girdle. 

Most acanthodians may be grouped in three orders: 
the Climatiida, the Ischnacanthida, and the Acanthodida. 
However, many genera are based on isolated spines, scales, 
or teeth that cannot be assigned to particular orders. Both 
the Climatiida and the Ischnacanthida are present in the 
late Silurian and survive into the late Carboniferous. The 
Acanthodida are not known until the early Devonian but 
persist into the early Permian. 

The Climatiida have two dorsal fins and a complex 
of dermal plates associated with the pectoral girdle. Most 
genera have tooth whorls, but the Diplacanthidae, which 
appear as early as the Lower Devonian, are toothless. The 
genus Gyracanthus is a common form in the Carbonifer- 
ous and is represented primarily by fin spines that are up 
to 40 centimet ers l ong. 

Jjjp i Bjfycantliid Ji a ve a relatively longer and lighter 
body than the Climatiida, with thin scales and no dermal 
bones associated with the shoulder girdle. The fins are 
deeply inserted, and there are no ancillary gill covers or 
intermediate spines. They have both tooth whorls and 
tooth-bearing dermal bones on the jaw margins. The den- 
tition of the Climatiida and early Ischnacanthida suggests 
that they were relatively unspecialized microphageous 
feeders. Later Ischnacanthida may have been effective 
predators on larger prey. 

From their first appearance in the fossil record, the 
Acanthodida lack teeth and dermal plates associated with 
the pectoral girdle. There is a single dorsal fin. This group 
is adapted toward filter feeding. The palatoquadrate is 
articulated so that it can swing far laterally to increase 
the gape greatly. Gill rakers and the entire gill region are 
considerably elongated. 

The Ciiuiauida, Ischnacanthida, and Acunthodid* 
represent c I e arly denned ta^WoWi?^s'HTfD!eJge s7£> u t sev- 
eral progressive changes have occurred as a result of con- 
vergence in each of these orders. These changes include 
loss of ancillary gill covers and the spread of the hyoid 
gill cover to form a large operculum, deeper insertion of 
spines, development of articulation between the pectoral 
spine and the girdle, loss of dermal elements of the shoul- 
der girdle, loss of intermediate and prepectoral spines, 
loss of cell spaces in the bones, and loss of teeth. 

Osteichthyes 

Both actinopterygians and sarcopterygians are known 

from the early Devonian. Unlike acanthodians, they 
have no fin spines but do have a regular pattern of tooth 
replacement. The braincase is more completely ossified, 
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and the palate is covered with dermal bones. The dermal 
bones of the skull and shoulder girdle effectively integrate 
the functions of feeding and respiration. Primitive mem- 
bers of both groups are fusiform, actively swimming, pre- 
daceous fish of small to moderate size. The earliest fossils 
are from sediments deposited in marine waters, but both 
groups quickly spread into brackish and freshwater 
environments. 

Isolated scales from the Upper Silurian have been 
attributed to actinopterygians but tell us little about the 
origin of the group. Early actinopterygians resemble the 
acanthodians more closely than do the sarcopterygians in 
the structure of the scales, fins, and braincase and may 
represent the pattern from which all higher bony fish 
evolved. 

The sarcopterygians and actinopterygians are clearly 
distinct from one another when they first appear in the 
fossil record, and four very distinct groups of sarcopte- 
rygians had already evolved by the Middle Devonian. 


Actinopterygians 

I Early actinopterygians possess a number of features, 

many of them primitive, that differentiate them from 
the sarcopterygians. The term “ray-finned” refers to the 
fact that the paired and median fins are supported by a 
large number of parallel endoskeletal fin rays and contain 
relatively little intrinsic musculature. Movements of the 
fins are controlled almost entirely by muscles within the 
body wall and the fins are moved as a unit except in 
advanced genera. The endoskeletal fin supports of sar- 
copterygians are condensed into a thick bony axis that is 
moved by muscles within the fin (see Chapter 8). Primitive 
actinopterygians have a single dorsal fin, in contrast with 
two in early sarcopterygians. The caudal fin in primitive 
actinopterygians is fully heterocercal with no epaxial lobe 
above the notochord; the flexible portion of . the tail is 
formed entirely by the hypaxial lobe. All sarcopterygians 
have at least a small epaxial lobe, although the tail is 
primitively heterocercal. Actinopterygians lack the spe- 
cialized layer of tissue termed cosmine that characterizes 
the surface of the scales and dermal bones of sarcopte- 
rygians. 

Patterson (1982) listed a number of additional char- 
acters thought to be specializations that further distin- 
guish actinopterygians from other bony fish. These in- 
clude a pectoral propterygium, the absence of a squamosal 
bone (an important element that makes up the cheek re- 
gion in sarcopterygians), the presence of a dermohyal (a 
bone located superficial to the dorsal extremity of the 
hyomandibular), and the fact that the hyomandibular has 
only a single point of articulation above the jugal canal 
(rather than two points of articulation, above and below 
the canal, as in sarcopterygians and acanthodians). 


We may divide actinopterygians into two major groups, 
the chondrosteans and the neopterygians, which represent 
successive radiations (Figure 6-7). The chondrosteans are 
a primarily Paleozoic and Triassic assemblage, with sev- 
eral genera that survive to the present day. The neopte- 
rygians are first known in the late Permian, and their 
primary radiation occurred during the Triassic and Jur- 
assic. During the later Mesozoic, one lineage gave rise to 
a further radiation of much greater magnitude, which 
resulted in the diversification of the majority of modern 
bony fish groups. Advanced neopterygians, including al- 
most all the living bony fish, are termed the Teleostei. In 
the past, more primitive neopterygians, including the ma- 
jority of Jurassic genera and a few surviving forms, have 
been included in a distinct group, the “Holostei”. These 
fish do not appear to form a natural group, and their 
taxonomic position remains uncertain. 


PRIMITIVE ACTINOPTERYGIANS: 
THE PALAEONISCIFORMES 


Skeletal anatomy 

Although first known in the late Silurian, the chondros- 
teans show little diversity until the end of the Devonian. 
Most of the Paleozoic actinopterygians belong to a single 
order, the Palaeonisciformes. Primitive members of this 
order include the genera Moyihomasia, Mania, and Chei- 
rolepis (Figures 6-8 and 6-13) from the early part of the 
late Devonian. Cheirolepis approaches k meter in length, 
but the other genera were considerably smaller. The body 
is fusiform with a strongly heterocercal caudal fin. Like 
the anal and paired fins, the single dorsal fin is broadly 
triangular in shape. 

The body is covered with small, overlapping rhom- 
boidal scales (Figure 6-9). In most genera, the scales ar- 
ticulate with one another by a dorsal peg that fits into a 
socket on the bottom of the scale above it. Scales from 
the Silurian, which Schultze (1977) attributed to chon- 
drosteans, lack this peg-and-socket articulation. The scales 
at the leading edge of the caudal fin, termed fulcral scales, 
are enlarged to act as a cutwater. The scales on the fins 
are smaller and somewhat more elongated than those cov- 
ering the trunk, but they are basically similar in config- 
uration. As in acanthodians, they run in closely set rows 
parallel to the orientation of the fin. These jointed scale 
rows are referred to as dermal fin rays and are more 
numerous in the primitive state than the underlying en- 
doskeletal fin supports. The scales consist of a basal layer 
of laminar bone, a middle layer of dentine containing 
vascular canals, and a superficial layer of enamel-like ma- 
terial termed ganoine (see Figure 6-2c). Growth occurs 
by the addition of concentric layers of tissue, both dorsally 
and ventrally. This type of scale, termed ganoid, could 
have been derived from primitive acanthodians. 
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Figure 6-7. THE PHYTOGENY OF THE ACTINOPTERYGII. Ray-finned fish are rare until the end of the Devonian but 
have become progressively more diverse. Today, they include more species than any other group of vertebrates. They may 
be divided into two major groups, the chondrosteans, which were dominant in the Paleozoic and have a few living descendants, 
and the neopterygians, which are first known in the Upper Permian. Most living bony fish belong to a single neopterygian 
group, the teleosts, whose major radiation occurred in the late Cretaceous and early Cenozoic. 
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Figure 6-8. THE UPPER DEVONIAN PALAEONISCIFORM, CHEI- 
ROLEP1S IN LATERAL AND VENTRAL VIEWS. The small size of 
the scales and the oblique jaw suspension may illustrate the primitive 
condition for actinopterygians, x i. Abbreviations are as follows: cs, 
circumcloacal scales; vt, ventral caudal fulcra; vli, ventrolateral scale 
inversion. From Pearson and Westoll, 1979. 


The notochord in primitive actinopterygians is un- 
restricted and extends to the very tip of the heterocercal 
tail. Paired neural spines lie dorsal to the notochord 
throughout the trunk and into the base of the tail, and 
ventral haemal arches support it in the posterior portion 
of the trunk and tail. One or two additional rows of 
endochondral supports extend dorsally from the neural 
arches to support the dorsal fin, and one row extends 
ventrally from the haemals to support the anal fin and 
the hypaxial lobe of the caudal fin (Figure 6-10). 

A series of parallel endochondral rods, termed ra- 
dials, support the pectoral fin and articulate with the scap- 
ulocoracoid. They extend only a short distance into the 
fin. While ceratotorichia are not present primitively, they 
do evolve in some specialized groups. The scapulocora- 
coid is a small ossification attached to the medial surface 
of the cleithrum (Figure 6-10). It has a short blade, in 
contrast with that of sharks and acanthodians which lack 
the lateral support of the dermal shoulder girdle. The 
pelvic fin is also supported by a row of radials. The halves 
of the girdle are small triangular ossifications. 



Anal fin Pelvic fin 


Figure 6-9. THE UPPER DEVONIAN PALAEONISCOID MOY- 
THOMASIA, x 1. This genus shows the well-developed fulcral scales 
on the caudal fin that are characteristic of chondrostean fishes. From 
Moy-Thomas and Miles, 1971, after Jessen. By permission from Chap- 
man and Hall, Ltd. 


We will discuss the structure and function of the head 
region of the palaeonisciforms in considerable detail, since 
these fish exhibit a pattern that is retained among later 
ray-finned fishes and also serves as a basis for understand- 
ing the structure of sarcopterygian fish and their de- 
scendants, the terrestrial vertebrates. 

The internal skeleton of the head in primitive actin- 
opterygians resembles that of sharks and acanthodians in 
its most general features (Figures 6-11 and 6-12). The 
braincase is a nearly unitary structure to which the long 
palatoquadrate and the hyomandibular articulate. How- 
ever, there are few detailed similarities between the almost 
completely ossified braincase of early actinopterygians and 
the cartilaginous structure of sharks. The braincase of 
actinopterygians differs in having a narrow interorbital 
septum that accommodates relatively large eyes. It could 
have evolved from a pattern like that of acanthodians 
with few fundamental changes, except for an increase in 
ossification. Two unossified areas are retained between 
elements that form separately during embryological de- 
velopment. As in acanthodians and some sharks, the oc- 
cipital plate is separated from the otic capsule by the 
lateral cranial fissure. This fissure is confluent dorsally 
with the posterior dorsal fontanelle. A second, ventral 
fissure lies between areas that are recognizable in later 
actinopterygians as the basioccipital and basisphenoid. In 
embryos of modern fish, these bones develop from the 
areas formed by the parachordal cartilages and the tra- 
beculae. In actinopterygians, we see no evidence that the 
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Figure 6-10. (a) The palaeoniscoid Mimia, showing the endoskeleton. 

From Gardiner, 1 984. (b) Scapulocoracoid of Moythomasia in posterior 
view, x 6. From Moy-Thomas and Miles, 1971. By permission from 
Chapman and Hall, Ltd. 
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Figure 6-11. THE BRAINCASE OF THE EARLY PALAEON1SCOID 
Mimia, Xf. (a) Lateral view, ( b ) palatal view, and (c) sagittal section. 
From Gardiner and Bartram, 1977. With permission from B. G. Gar- 
diner and A. W. M. Bartram. Copyright 1977 by The Linnean Society 
of London. 
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ventral fissure permitted mobility between the elements 
of the braincase, as is the case in crossopterygian sarcop- 
terygians. The back of the braincase is pierced by the 
notochord, which extends anteriorly nearly to the pitui- 
tary fossa. 

In acanthodians, there is a large unossified area ven- 
tral and anterior to the otic capsule. In actinopterygians 
and sarcopterygians, this area is ossified as the lateral 


commissure. In the Palaeonisciformes, it supports a single 
large facet for articulation of the hyomandibular and bears 
a vertical groove for the spiracular gill slit. Anteriorly, a 
narrow interorbital septum extends to the small, ossified 
nasal capsules. 

The shape of the palatoquadrate (Figure 6-12) re- 
sembles that of primitive sharks, but the otic process does 
not articulate with the braincase. Instead, there is a well- 
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(a) DermohyaJ Hyomandibular 




Figure 6-12. VISCERAL ARCH ELEMENTS OF M/ML4. (a) Hy- 
omandibular and palatoquadrate in medial view, x j. ( b } Branchial arches 
in dorsal view, xi(. From Gardiner, 1973. 

developed articulation with the ventral surface of the 
braincase near the midline (the basicranial articulation), 
as in acanthodians. There is a second, more anterior ar- 
ticulation with the ethmoid region behind the nasal cap- 
sule. The palatoquadrate in acanthodians does not extend 
this far forward. Marginal teeth are not borne on the 
palatoquadrate and Meckel’s cartilage, as is the case in 
Chondrichthyes, but on the dermal bones at the margin 
of the skull roof and lower jaw. Meckel’s cartilage is 
almost completely supplanted by dermal bones. It ossifies 
as a small element, the articular, at the posterior end of 
the jaw, where it forms the surface for articulation with 
the palatoquadrate. The hyomandibular articulates with 


the lateral commissure of the braincase and rests distally 
in a groove on the quadrate portion of the palatoquadrate. 
The ceratohyal lies between the lower jaws. Four addi- 
tional gill arches lie behind the hyoid (Figure 6-12/?). 

The dermal bones of the actinopterygian skull (Figure 
6-13) form an external covering surrounding the endo- 
skeletal units, the sense organs, jaw muscles, mouth, and 
pharynx. Openings are present dorsally for the pineal and 
laterally for the large orbits. The incurrent and excurrent 
nasal openings notch the nasal and rostral bones. The 
spiracular cleft is anterior to the operculum. The dermal 
skull is not rigid but consists of several units that move 
relative to one another to facilitate feeding and respira- 
tion. These functions are closely associated with a par- 
ticular pattern and configuration of the bones that can be 
readily traced from the Devonian to modern genera. The 
bones bear no significant similarities to the large scales 
covering the head of acanthodians, but they do generally 
correspond with those of sarcopterygian fish and with the 
dermal bones of tetrapods. 

The bones forming the central portion of the skull 
roof from the snout to the occiput include the tooth- 
bearing premaxilla, one or more rostrals, the nasal, fron- 
tal, parietal, intertemporal, supratemporal, and a series 
of bones above the orbit; all are closely attached to one 
another and more or less fixed to the neurocranium. Lat- 
erally, the bones surrounding the posterior and ventral 
margin of the orbit and the cheek make up a second unit 
whose posterior margin can swing laterally and somewhat 
ventral ly as the mouth is opened. This unit includes the 
lacrimal, jugal, maxilla, preopercular, dermohyal, and 
quadratojugal. The maxilla has an ill-defined anterior ar- 
ticulation with the premaxilla. Internally, the maxilla and 
preopercular are attached to the palate, and the dermo- 
hyal is attached to the hyomandibular. 

The gill arches extend from behind the palatoquad- 
rate, ventrally and forward between the lower jaws. They 
are covered by a flexible arrangement of dermal bones — 
the large gulars and branchiostegal rays between the jaws 
and the opercular series behind the cheek. The bones are 
spread apart laterally and ventrally as the jaws are opened 
and the branchial chamber is expanded (Figures 6-14 and 
6-15). 

The dermal shoulder girdle serves a series of inter- 
related functions. The cleithrum is a particularly impor- 
tant element that forms the back of the gill chamber, 
supports the scapulocoracoid, and serves for the insertion 
of major hypaxial muscles that open the mouth and ex- 
pand the gill chamber. The supracleithrum connects the 
cleithrum to the back of the cheek and, via the posttem- 
poral, articulates with the extrascapular bone at the back 
of the skull table. The ventral clavicle extends forward 
between the branchiostegal rays. 

Dermal ossifications also cover the ventral surface of 
the braincase and the roof of the mouth. Two small vom- 
ers, which are studded with denticles, underlie the eth- 
moid region of the braincase. The medial parasphenoid 
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Figure 6-13. DERMAL BONES OF THE HEAD REGION OF PRIM- 
ITIVE PALAEONISC^^^^t^ Dorsal, ventral, lateral, and anterior 
views of the skull of^J fieiroUpisQFrom Pearson and Westoll, 19 79. ( e ) 
Palate of Mimia. From a sketch provided by Brian Gardiner. The general 
pattern of the bones resembles that of rhipidistians, tetrapods, and more 
advanced bony fish. Abbreviations as follows: a, articular; ang, angular; 
bo, basioccipital region of braincase; br, branchiostegal rays; bs, bas- 
isphenoid region of braincase; cl, clavicle; ct, cleithrum; d, dentary; dhy, 
dermohyal; dpt, dermopterotic; ec, ectopterygoid; en, external naris; 
ep, epipterygoid; es, ethmosphenoid portion of braincase; esl, lateral 
extrascapular; esm, medial extrascapular; f, frontal; g, gulars; hy, hy- 
omandibular; ifo, infraorbital; in, internal naris; lop, interopercular; it, 
intertemporal; j, jugal; I, lacrimal (infraorbital); m, maxilla; n, nasal; 
nc, nasal capsule; ntc, notochord; o, opercular; oo, otico-occipital por- 
tion of braincase; opa, accessory opercular; ot, otic region of braincase; 
p, parasphenoid; pa, parietal (frontal); pf, postfrontal (supraorbital); 
pi, palatine; pm, premaxilla; pn, postnarial; po, postorbital; pop, pre- 
opercular; por, postrostral or internasal; pos, postsplenial; pot, post- 
temporal; pp, postparietal (parietal); pro, preorbital; ps, parasphenoid; 
pt, pterygoid; pv, vomer (prevomer); q, quadrate; qj, quadratojugal; r, 
rostral; rar, retroarticular process; s, suprapterygoid(s); sa, surangular; 
sc, sclerotic ring; set, supracleithrum; sm, supramaxilla; smp, symplec- 
tic; so, suborbital(s); soc, supraoccipital; sop, subopercular; sp, spira- 
cular cleft; spo, supraorbital; sq, squamosal; st, supratemporal (dermal 
sphenotic); t, tabular (supratemporal-intertemporal); v, vomer. 
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Figure 6-14. JAW BONES AND MUSCULATURE OF BONY FISH, (a) The modern actinopterygian Amid$[b) A palaeon- 
iscoid. Amia was drawn as if the bones of the cheek were removed, and the palaeoniscoid was drawn as if the dermal bones 
were transparent. In Amia , the musculature has spread dorsally and posteriorly out of the originally closed adductor chamber, 
(a, and b\) Cross-sections through the back of the skull showing the extent of the jaw musculature of Amia and palaeoniscoid. 
(c and d) Diagrams of a palaeoniscoid and a neopterygian in which the jaws are widely open. For abbreviations see Figure 
6-13. Premaxilla black, maxilla horizontally shaded, suspensorium diagonally shaded. The cheek is covered with bones in 
palaeoniscoids but is widely open in the neopterygian. From Schaeffer and Rosen, 1961. 
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Figure 6-15. MECHANICS OF THE SKULL AND SHOULDER GIR- 
DLE IN RAY-FINNED FISH. Based on teleosts, but except for the 
mobility of the maxilla, applicable to chondrosteans as well, (a) Lateral 
and ventral views when mouth is dosed and (b) when the mouth is 
open, (c) Transverse section demonstrates mobility of suspensorium in 
relation to braincase. Modified from Alexander, 1 970. 


extends forward from the ventral fissure. Paired parotic 
plates lay in the tissue of the roof of the mouth, just behind 
the fissure. The palatoquadrate is covered by a number 
of distinct but contiguous dermal bones. A series of der- 
mopalatines, which bear large teeth, lie parallel with the 
maxilla. The remainder of the surface is covered by 
the entopterygoids, ectopterygoid, and dermometaptery- 
goids, which are comparable with the pterygoids in 
tetrapods. 

The dermal bones of the lower jaw include the large, 
tooth-bearing dentary, the angular and surangular below 
the jaw articulation, and the splenial, prearticular, and 
coronoids on the medial surface. 


Functional anatomy of feeding and respiration 

We attribute the great success achieved by actinoptery- 
gians in the Mesozoic and Cenozoic to the evolution of 
a particularly effective feeding apparatus (Lauder, 1982). 
The palaeonisciforms show an early stage in the devel- 
opment of this system (Figure 6-14). 

We can reconstruct the major jaw muscles of prim- 
itive actinopterygians on the basis of those in living ray- 
finned fish. The high degree of ossification of the skull in 
palaeonisciforms clearly delimits the areas that the mus- 
cles could occupy. The adductor mandibulae — the prin- 
cipal muscles for closing the jaws — originate in a small, 
closed chamber, formed by the palatoquadrate dorsally 
and medially, and by the dermal bones of the cheek, the 
maxilla and preopercular, laterally. They pass through 
the palate immediately anterior to the jaw articulation 
and insert in the Meckelian fossa at the back of the lower 
jaw. Attachment of the muscles at the very back of the 
jaw provides a wide gape and gives a fast, relatively weak 
bite. 

The jaw-closing mechanism in early actinopterygians 
is easy to understand because it is mechanically similar 
to our own way of biting. In mammals, the opening of 
the jaws is relatively passive and can be accomplished by 
little more than relaxing the muscles that close the jaw. 
However, there is contribution from both the hyoid mus- 
cles running between the jaws and the diagastric muscle 
originating at the back of the skull. The jaw-opening mus- 
cles in fish are much more important since they must 
counteract the viscosity of the water. As in mammals, the 
hyoid musculature in fish is an important element of the 
jaw-opening apparatus. In addition, the major axial mus- 
cles of the body are involved (Figure 6-15). Fish lack a 
clear-cut division between head and trunk. Both the dorsal 
(epaxial) and ventral (hypaxial) musculature of the trunk 
contribute to opening the mouth. The epaxial muscles 
attach directly to the back of the braincase and pull it 
back to raise the snout. The hypaxial muscles attach to 
the dermal shoulder girdle, particularly the cleithrum. When 
they contract, the jaws are pulled backward and down- 
ward via the intervening hyoid apparatus. The mouth and 
gill chamber are also capable of lateral expansion, which 
is important in both feeding and repiration. 

Bony fish respire by means of a double pump that 
produces a continuous flow of water through the gills. 
The oral cavity forms the anterior pump that expands 
both vertically and laterally as the jaws are lowered and 
the skull is raised. As the jaws are closed, the water is 
forced through the gills, which form a partial division 
between the two pumps. The space lateral to the gills and 
beneath the operculum forms the second pump. It is ex- 
panded and contracted by mediolateral movements of the 
operculum and dorsoventral movement of the area cov- 
ered by the gular plates and branchiostegal rays. 

The lateral expansion of the orobranchial chamber 
is produced by linkage between the hyomandibular, op- 
erculum, palatoquadrate, and lower jaw. In opening the 
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mouth, the hyoid and hypaxial musculature pull the area 
of the jaw symphysis posteriorly. Posterior movement at 
the jaw articulation is restricted by the continuous cov- 
ering of dermal bones of the cheek, operculum, and shoul- 
der girdle, so that the back of the jaws and cheeks are 
thrust laterally. This lateral movement is facilitated by the 
mobility of the palatoquadrate and hyomandibular on the 
braincase. 

In primitive palaeonisciforms, the oblique orienta- 
tion of the hyomandibular limited the movement of the 
cheek to a short anterolateral arc in the horizontal plane. 
This movement was important in opening and closing the 
operculum and provided a small increase in the size of 
the oral cavity, but it was very limited compared with 
that of later actinopterygians. 

Major changes in the jaw structure separate the higher 
actinopterygians from the Palaeonisciformes. These in- 
clude reorientation of the hyomandibular to increase the 
amount of lateral movement, freeing of the maxilla from 
the cheek and palate, and a great increase in the size and 
complexity of the adductor jaw musculature. 

DIVERSITY OF CHONDROSTEAN FISH 

We include approximately 80 genera of primitive actin- 
opterygian fish in the order Palaeonisciformes. They range 
from Lower Devonian to Lower Cretaceous. The suborder 
Palaeoniscoidea encompasses more than a score of fam- 
ilies, including the earliest known actinopterygians as well 
as members of a conservative lineage extending into the 
Mesozoic (Figure 6-16). Most of the Palaeoniscoidea are 
small, but some reach 1 meter in length. The scales are 
thick and rhomboidal, the dorsal and anal fins are tri- 
angular, and the heterocercal caudal fin is deeply cleft. 
All fins are supported by numerous jointed dermal fin 
rays. The jaws are long and usually articulate behind the 
back of the braincase. The suborder evolved rapidly in 



Figure 6-16. PALAEONISCOIDS. (a) Mimia, Upper Devonian. From 
Gardiner, 1984. ( b ) Canobius, Carboniferous, showing an upright jaw 
suspensorium. About natural size. From Moy-Tbomas and Dyne, 1938. 


the Carboniferous from the three or four genera that are 
adequately known in the Devonian. It retained a dominant 
position until the end of the Permian, when more spe- 
cialized actinopterygians evolved. 

Mimia and Moythomasia, included in the family Ste- 
gotrachelidae, characterize primitive actinopterygians. 
Several other families within the suborder Palaeoniscoidea 
possess a different scale pattern or fin structure but oth- 
erwise retain a similar body plan. In the Cheirolepidae 
(see Figure 6-8), the scales are extremely tiny, like those 
of acanthodians, and lack the peg-and-socket articulation 
common to other genera. Those of the Lower Carboni- 
ferous Cryphiolepididae are cycloid rather than rhom- 
boid. In their contemporaries, the Carbovelidae, most of 
the scales are lost. In other families, the scales are con- 
servative, but the fin structure is specialized. In the Hol- 
uriidae, the dorsal and anal fins become long based, 
rounded, and lose their fulcral scales. In contrast, the 
fulcral scales in the Styracopteridae are much emphasized. 

We see greater changes from the primitive body form 
in the suborder Platysomoidei (Figure 6-17), in which the 
body is laterally compressed and oval or rhomboidal in 
lateral view. In modern fish, such a deep body is associated 
with life in quiet waters. Dorsal and anal fins may be 
extremely long based. One family, the Chirodontidae 
(Amphicentridae), has developed a crushing dentition. 

The jaw suspension in Canobius (Figure 6-166) from 
the Lower Carboniferous and Aeduelfa from the Lower 
Permian has become almost vertical, in contrast with its 
oblique orientation in primitive stegotrachelids. The jaw 
articulation lies in nearly the same transverse plane as the 
articulation between the hyomandibular and the brain- 
case. This feature would be expected in the ancestors of 
the higher neopterygian fish. In other respects, these gen- 
era resemble their Paleozoic contemporaries. 

Other chondrosteans are similar to palaeonisciforms 
in some primitive features but differ so greatly in other 
characters that they are placed in distinct orders (Figures 
6-17 and 6-18). The Upper Permian Dorypterus is the 
only known representative of the order Dorypterida. This 
genus is deep bodied like the Platysomoidei, with com- 
parably primitive fins, but the dermal ossification of the 
skull is reduced and most of the scales are lost, as are the 
teeth. 

The Phanerorhynchida is known from a single Upper 
Carboniferous genus in which the body scales are greatly 
enlarged, the number of dermal fin rays is reduced, and 
their primitive jointed nature is lost. The rostrum is elon- 
gate. 

The Upper Carboniferous order Haplolepidida is more 
numerous and diverse than the preceding orders, but the 
body form is more conservative. The jaw suspension is 
upright, and the number of branchiostegal rays is reduced. 
The dermal fin rays, although jointed, are also reduced 
in number. 

The Tarrasiida (Figure 6-186) are among the most 
highly modified of primitive actinopterygians but are rep- 
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Figure 6-17. DEEP-BODIED CHONDROSTEAN FISH, (a) Cheiro- 
dus [ Amphicentrum ], a palaeonisciform of the suborder Platysomoidei 
from the Carboniferous, x|. From Smith-Woodward, 1891-1901. (b) 
Dorypterus of the order Dorypterida, from the Upper Permian, x£. 
From Westoll, 1941. 

resented by only one or two genera from the Carboni- 
ferous. The caudal fin is symmetrical (diphycercal) and 
confluent with both dorsal and anal fins. The pelvic fin 
is lost and the pectoral fin resembles that of sarcoptery- 
gians. Scales are greatly reduced. Despite these radical 
changes in the postcranial skeleton, the skull pattern re- 
sembles that of typical palaeoniscoids. 

The Saurichthyiformes, including Saurichtbys and 
Actdorhynchus (Figure 6-1 8c) are common and wide- 
spread in the Triassic and Lower Jurassic. They are ad- 
vanced in having a superficially symmetrical caudal fin 
and specialized in reducing the scales. Their elongated 
body and posteriorly placed dorsal fin (symmetrical with 
the anal) resemble the pattern of the modern pike, which 
suggests a similarly predaceous way of life. The upper and 
lower jaws are extended as a long, toothed beak. 

We have not determined the specific affinities of the 
orders Dorypterida, Haplolepidida, Phanerorhynchida, 
Tarrasiida, and Saurichthyiformes. They are currently being 
studied by Schaeffer and Gardiner. These diverse and spe- 
cialized chondrosteans are known from the late Paleozoic 
into the Jurassic. Two other orders that retain many prim- 


itive characteristics, the Polypteriformes and the Acipen- 
seriformes, survive today. 

The genera Polypterus and Erpetoichthys [Calamo- 
ichthys] constitute a phylogenetically isolated group of 
modern fish, alternately designated the Polypteriformes, 
Cladistia, or Brachiopterygii. They inhabit the streams 
and lakes of tropical Africa. Both are elongated; Erpe- 
toichthys approaches the proportions of an eel and has 
lost the pelvic fins. Both are characterized by a long dorsal 
fin that is divided into a series of shorter elements, each 
bearing a sharp anterior spine (Figure 6-19). The caudal 
fin is nearly symmetrical. The histology of the thick, rhom- 
boidal scales and the pattern of the bones of the skull 
roof resemble those of early palaeoniscoids. The “swim 
bladder” is in the form of paired, ventral ly situated lungs 
that presumably represent the primitive pattern for all 
bony fish. Polypterus will drown if prevented from using 
atmospheric oxygen. The fleshy appearance of the pec- 
toral fin is apparently a specialization of the group, al- 
though it was once thought to demonstrate affinities with 
the sarcopterygians. Recent authors, including Patterson 
(1982), argue that these genera are the most primitive of 
living actinopterygians. Unfortunately, their meager fossil 
record, which goes back to the Eocene, does not dem- 
onstrate their specific relationships among earlier chon- 
drosteans. Bjerring (1985) argues that the Cladistia di- 
verged from the base of the osteichthyan radiation, and 
lack specific affinities with the actinopterygians. 

The Acipenseriformes are a more familiar order of 
living chondrosteans and include the Acipenseridae and 



Figure 6-18. SPECIALIZED CHONDROSTEANS. (a) The Upper Car- 
boniferous genus Pyritocephalus, order Haplolepidida. The jaw suspen- 
sion is vertical and the number of dermal fin rays is reduced, about x 2. 
(. b ) Tarrasius , order Tarrasida, from the Lower Carboniferous. Most of 
the scales are lost and the median fins are fused into a continuous 
structure, xf. From Moy-Tbomas and Miles, 1971. la and b) By per- 
mission from Chapman and Hall, Ltd. (c\ Saurichtbys, a common and 
widespread genus from the Triassic that is characterized by a long, 
slender body with dorsal and anal fins that are located far posteriorly. 
Large individuals reach approximately 1 meter in length. From Rieppel, 
1985. 
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Figure 6-19. MODERN GROUPS OF BONY FISH BELONGING TO 
THE CHONDROSTEI. (a) The sturgeon Acipenser, the source of much 
commercial caviar. The scales are limited to five rows of large scutes. 
There is a long rostrum that overhangs very short jaws. The tail is fully 
heterocercal, with the notochord extending to the very tip. From Bond, 
1979. ( b ) Skeleton of the Lower Jurassic genus Chondrosteus, the earliest 
recognized member of the Acipenseriformes. From Smith-Woodward, 
1891-1901. (c) Skull of Chondrosteus. From Watson, 1925. (d) Polyp- 
lerus. 


the Polyodontidae. The sturgeons iAcipenser and Huso, 
which produce most commercial caviar, and Scapbirhyn- 
chus are all predators. The paddlefish Polyodon from east- 
ern North America is an open-water filter feeder using 
long gill rakers to trap plankton. Psepburus is a similar 
form from China. 

Like the Paleozoic chondrosteans, the Acipenseri- 
formes retain a markedly heterocercal tail, fulcral scales, 
and numerous jointed fin rays. The notochord is unre- 
stricted, the clavicle is retained, and there is no myodome 
(a recess for the eye muscles that is highly developed in 
neopterygians). The maxilla is in contact with the palate 
in primitive fashion. 

This order differs significantly in other respects from 
primitive bony fish. Scales are reduced in both living fam- 
ilies. In the sturgeon, they are limited to five rows of large 
scutes (Figure 6-19); in the paddlefish, there are only a 
few scales at the base of the tail. The endocranium, which 


is heavily ossified in palaeoniscoids, is almost totally car- 
tilaginous. The dermal bones of the snout and cheek are 
reduced, with the preopercular lateral line canal sup- 
ported by a series of small ossicles. The skull roof shows 
a covering of small elements. Jollie (1980) suggests that 
their irregular pattern is associated with regression of the 
dermal skeleton. The rostrum is greatly elongated and the 
jaws are very short. One or two pairs of sensory barbels 
are just anterior to the mouth. The premaxillae are lost, 
and the palatoquadrates meet at the midline. The hy- 
omandibular forms a movable jaw support resembling 
that of advanced sharks (see Figure 5-14). 

It was once thought that the configuration of the 
mouth and the low degree of ossification of the endo- 
skeleton allied the Acipenseriformes with sharks. When 
they were first recognized as being related to the bony 
fish, a low degree of ossification was judged to be a prim- 
itive feature of that group. Only with the discovery of the 
Paleozoic bony fish did we realize that the early actin- 
opterygians were heavily ossified and that the loss of os- 
sification in the Acipenseriformes was a specialization. 

The Acipenseridae and Polyodontidae can both be 
traced back into the late Cretaceous, at which time they 
are already clearly distinct from one another. Because the 
Lower Jurassic genus Chondrosteus (Figure 6-19) shares 
a number of important derived features with the modern 
families (more specifically with the sturgeons) — particu- 
larly the configuration of the jaws — it is included in the 
same order. The Lower Triassic genus Erroiichthysishows 
a similar reduction of the dermal bones, but the mouth 
is terminal and the palatoquadrates do not meet at the 
midline. We have not established the specific origin of 
acipenseriforms among the Paleozoic actinopterygians. 
However, Patterson (1982) places them closer to the ne- 
opterygians than he does the Cladistia. 

The Lepisosteidae — the gars — have also been clas- 
sified among the chondrosteans. This family includes two 
genera, Lepisosteus and the very similar Atractosteus . The 
gars are elongated predatory fish with posteriorly and 
symmetrically placed dorsal and anal fins that resemble 
the Mesozoic Saurichthyiformes. We attribute the similar 
body forms of these groups to a similar mode of swimming 
rather than being indicative of close relationship, since 
their detailed anatomy is very different. 

Both groups have very long snouts, but the gars’s jaw 
suspension is anterior to the orbit (Figure 6-20). In the 
adult, the upper jaw is formed by a series of tooth-bearing 
elements termed lachrymo-maxillaries. During develop- 
ment, another bone that initially bears teeth is present in 
the position normally occupied by the maxilla. This ele- 
ment later loses its teeth. The gars’s postcranial skeleton 
retains such primitive characters as a heterocercal tail and 
thick ganoid scales with peg-and-socket articulation, but 
this group is somewhat advanced over the palaeoniscoids 
in the reduction of the number of dermal fin rays and the 
loss of their segmental structure; fulcral scales remain 
prominent. 
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Figure 6-20. SKULL OF THE MODERN GENUS LEPISOSTEUS. 
This genus was classified as a holostean but lacks most of the charac- 
teristics of neopterygians. For abbreviations, see Figure 6-13. From Pat- 
terson, 1973. 


From the mid-nineteenth to the mid-twentieth cen- 
tmy ^Lepisosteus was united with Anna in the Holostei, 
which was thought to represent an intermediate level of 
actinopterygian evolution between chondrosteans and te- 
leosts. Patterson (1973) and Wiley (1976) showed that 
there are few significant derived characters that are com- 
mon to Antia and gars. Amia shares many derived features 
with teleosts that are not evident in Lepisosteus. Wiley 
discovered a number of derived characters that Lepisos- 
teus shares with neopterygians, including loss of the clav- 
icle, the fact that the basipterygoid process is formed en- 
tirely by the parasphenoid, and several features of the 
visceral arch apparatus. On this basis, Wiley placed the 
gars among the neopterygians. He did not find any char- 
acters that united gars with the living chondrostean orders 
Polypteriformes or Acipenseriformes. However, he made 
no comparisons with the vast array of fossil chondros- 
teans. 

Gars remain primitive in the absence of the inter- 
opercular and supramaxilla that form important elements 
in the specialized feeding mechanism of neopterygians. 
The posttemporal fossa and the myodome (discussed in 
the next section) are not developed. McAllister (1968) 
placed the gars among the chondrosteans. In contrast, 
Olsen (1984) believes that the structure of the jaw sus- 
pension indicates that gars are more closely related to 
teleosts than is Amia. 

Both gar genera are represented by fossils from the 
Upper Cretaceous that are essentially modern in charac- 
ter. Fragmentary remains from the Lower Cretaceous pro- 
vide no additional evidence regarding the ultimate ances- 
try of the group. Gars are now limited to North and 
Central America and Cuba, but they were present in Eu- 
rope, Africa, and India during the Cretaceous and early 
Tertiary. Wiley (1976) suggests that they evolved within 
the primitive land mass of Pangea, which has progressively 
split apart since the late Paleozoic. 

In addition to the conservative chondrosteans of the 
Paleozoic and Mesozoic and their living survivors, several 
late Paleozoic and early Mesozoic orders evolved toward 
the pattern of more advanced actinopterygians. These in- 


clude the ancestors of neopterygians as well as a number 
of groups that became extinct without advancing far be- 
yond the level of palaeoniscoids. Six orders — the Perlei- 
diformes (Figure 6-21), Redfieldiiformes, Pholidopleuri- 
formes, Peltopleuriformes, Luganoiiformes, and Cepha- 
loxeniformes — may have a common ancestry distinct from 
that of other palaeonisciform derivatives. They are pri- 
marily Triassic in age and include both freshwater and 
marine genera. Most are small fusiform fish without strong 
specializations in fin or scale structure. The Cleithrole- 
pididae (Figure 6-2 lc) has a deep body, reminiscent of 
the platysomids. Other genera with a crushing dentition 
were apparently bottom feeders. 

The skulls of all members of this assemblage are ad- 
vanced in having a vertical hyomandibular and a tall, 
narrow preopercular. However, the maxilla remains fixed 
to the cheek, a supramaxilla is absent, and there is no 
other evidence of modernization of the jaw structure. The 
fins are somewhat advanced, with reduction and fusion 
of dermal fin rays. Most genera have a hemiheterocercal 



Figure 6-21. PROGRESSIVE TRIASSIC CHONDROSTEANS. ( a ) 
Perleidus, order Perleidiformes, x j. From Lehman, 1 966. (b&edfieldify- l -*S 
[Catopterus], order Redfieldiiformes, X f. From Schaeffer, 1978. (c) The 
deep-bodied genu SfCleithrolepis, x i. From Lehman, 1966. 
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tail, that is, the notochordal axis does not extend to the 
tip, but the fin rays are still asymmetrically arranged. In 
some genera, the tail has become superficially symmetrical 
and the notochord is restricted to its base. The pholido- 
pleuriforms are the most advanced in this respect. In con- 
trast with the teleosts, the neural and haemal arches to 
which the dermal fin rays are attached assume almost 
symmetrical proportions. 

NEOPTER Y GIAN CHARACTERISTICS 


Feeding apparatus 

We may include all actinopterygians other than the chon- 
drosteans in a single vast assemblage, the neopterygians, 
that are first recognized in the late Paleozoic. 

A host of anatomical changes related to feeding, res- 
piration, and locomotion, as well as modifications in the 
structure of the braincase, occurred between primitive 
palaeoniscoids and advanced neopterygians. Changes in 
the feeding apparatus that facilitated great expansion of 
the oral cavity laid the basis for the wide radiation of 
neopterygians within the Mesozoic. Readily observed dif- 
ferences that allow us to distinguish the neopterygians 
from their chondrostean ancestors include the separation 
of the maxilla from the cheek and the development of a 
distinct element, the interopercular, between the subop- 
ercular and the branchiostegal rays (Figure 6-22). To un- 
derstand the significance of these changes, we must con- 
sider other modifications of the feeding apparatus. 

In early palaeoniscoids, the jaw-closing musculature 
was confined to a small space surrounded by the dermal 
bones of the cheek and the palatoquadrate. Among ad- 
vanced palaeoniscoids, this chamber opened dorsally and 



Figure 6-22. AN EARLY NEOPTERYGIAN, RARASF.MIONOT 
FROM THE LOWER TRIASSIC. The maxilla is free from the cheek 
and both a supramaxilla and an interopercular bone are evident, x 2. 
For abbreviations see Figure 6-13. From Lehman, 1952. 
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Figure 6-23. THE SKULL OF WATSONULUS, A PARASEMION- 
OTID. The dermal bones of the head are removed to show the braincase 
and jaw suspension. Abbreviations as follows: apal, articular facet for 
palatoquadrate complex; apl, autopalatine; bpt, basipterygoid process; 
dch, distal ceratohyal; ecp, ectopterygoid; enp, entopterygoid; fhy, for- 
amen for hyomandibular nerve; ghya, groove for afferent hyoidean ar- 
tery; hh, hypohyal bone; hm, hyomandibular; ic, intercalar; ih, inter- 
hyal; mpt, metapterygoid; pch, proximal ceratohyal; pmpt, process on 
metapterygoid for ligamentous attachment to basipterygoid process; 
ppt, posttemporal process; pt, posttemporal; qu, quadrate; spal, surface 
on autopalatine for articulation with ethmoidal region; sym, symplectic. 
From Olsen, 1984. 

the adductor musculature extended upward to originate 
on the lateral wall of the braincase. The chamber also 
expanded laterally. The greater length of the muscle fibers 
allowed the mouth to open wider, and their greater vol- 
ume resulted in a stronger bite (see Figure 6-14). 

Primitive neopterygians have shorter jaws that artic- 
ulate beneath the point at which the hyomandibular ar- 
ticulates with the back of the braincase. Lateral movement 
of the distal end of the hyomandibular becomes more 
extensive, allowing much greater mediolateral movement 
of the cheek and operculum. With the increased mechan- 
ical stress placed on the hyomandibular and its greater 
lateral extent, it was supplemented by a second endo- 
skeletal bone, the symplectic, that was not originally pres- 
ent in chondrosteans (Figure 6-23). The symplectic forms 
a strong link between the hyomandibular and the quad- 
rate portion of the palatoquadrate and later connects with 
the overlying preopercular. Together, these bones form a 
specialized jaw support, or suspensorium. As the scope 
of movement of the palatoquadrate increases in later 
neopterygians, its posterior articulation with the base of 
the braincase (the basicranial articulation) is lost, but the 
more anterior ethmoid articulation increases in impor- 
tance and size. The quadratojugal, which is a separate 
element in chondrosteans, becomes fused to the quadrate 
in teleosts. 

With the greater lateral movement of the jaw sus- 
pension in early neopterygians, the maxilla becomes sep- 
arated from the bones of the cheek and the opercular 


CHAPTER VI 


series. A new joint develops anteriorly. A medial peg from 
the maxilla that fits into the palate behind the premaxilla 
allows the back of the maxilla to swing ventrally and 
anteriorly. This development is very important because it 
allows the shape of the mouth to be altered significantly. 

We presume that primitive palaeoniscoids fed by en- 
gulfing their prey. Since mouth opening was accompanied 
by a considerable increase in the volume of the orobran- 
chial chamber, the potential existed for sucking in prey 
with the water. However, the simple, scissorslike jaw ac- 
tion made this potential of little practical importance. 
With the greater mobility of the maxilla, the mouth cavity 
could assume more tubular proportions, and effective suc- 
tion could be produced as it expanded. This mode of 
feeding is basic to many neopterygians. 

An additional small bone, the supramaxilla, devel- 
oped above the maxilla as it separated from the cheek. 
One supramaxilla is present in most primitive neoptery- 
gians, but a second develops in early teleosts. 

Changes in the lower jaw also occur in the transition 
between chondrosteans and neopterygians. The articu- 
lation drops below the level of the tooth row, and a co- 
ronoid process develops so that a portion of the jaw mus- 
culature inserts at a considerable distance from the jaw 
articulation, which increases the force of the jaw mus- 
culature without reducing the gape of the jaw. 

The presence of the interopercular bone between the 
subopercular and the branchiostegal rays in early ne- 
opterygians is associated with a new mechanism for de- 
pressing the lower jaw. This bone directs the force of a 
ligament from the opercular series to a point on the lower 
jaw below and behind the area of articulation with the 
quadrate. The opercular series is in turn elevated by a 
muscle originating on the braincase. 

Braincase 

Changes in the structure of the braincase accompany the 
evolution of the jaw structure (Patterson, 1975). In prim- 
itive actinopterygians, the adult braincase is ossified with 
few if any traces of subdivisions, except for the ventral 
and lateral fissures. In more advanced fish, we find two 
trends that appear contradictory. The conspicuous fis- 
sures close or are overgrown by surrounding bones, but 
the braincase as a whole is composed of many smaller 
units that are separated by sutures that persist in the adult 
(compare Figures 6-11 and 6-24). Closure of the fissures 
is related to the greater role played by the braincase as a 
unit of the feeding apparatus and because of the elabo- 
ration of the muscles controlling eye movements. 

We find it more difficult to explain the separation of 
the adult braincase into many distinct areas of ossification. 
It results developmentally from a delay in the fusion of 
elements that were distinct in early growth stages. Spec- 
imens of juvenile palaeoniscoids show many separate ele- 
ments that become indistinguishably fused in the adult. 
The delay in ossification among neopterygians may have 
been necessary because of the greater complexity of the 
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units and the greater length of time necessary for their 
separate development. 

Changes in the areas for the origin of the eye muscles 
have a significant effect on the evolution of the actinop- 
terygian braincase. Jawed vertebrates have six muscles 
that control eye movements. Two of these, the superior 
and inferior oblique, arise from the anterior part of the 
eye socket. The four posterior muscles (superior, inferior, 
medial, and external rectus) arise from the back of the 
eye socket. 

In primitive actinopterygians, muscle scars indicate 
that the probable areas of origin for the superior, inferior, 
and medial (internal) rectus muscles on the basisphenoid 
pillar — behind and above the basicranial articulation — 
were comparable to their position in the primitive living 
neopterygian Amia. There is no direct evidence for the 
origin of the external rectus. In later actinopterygians, we 
find distinct sockets lateral to the pituitary cavity. Com- 
parable structures in Amia serve as areas for origin of the 
external rectus. In most advanced actinopterygians, these 
sockets form deep cavities, the myodomes. In modern tele- 
osts, they house both external and internal rectus muscles. 

The ventral cranial fissure migrates posteriorly as the 
myodome deepens, until it becomes confluent with the 
lateral fissure. The confluence of these fissures is a struc- 
tural weakness that is compensated for among neopte- 
rygians by filling the lateral fissure with cartilage and/or 
by extensions of bone from the adjacent centers of ossi- 
fication. 

The penetration of epaxial musculature into the oc- 
cipital surface is another important change in the structure 
of the braincase. Even in palaeoniscoids, these muscles 
are important in pulling back on the braincase and lifting 
the snout as the mouth is opened. The occipital surface 
is relatively flat in these fish. Most early neopterygians 
develop deep posterior pits, the posttemporal fossae, to 
accommodate these muscles. In early teleosts, they are 
very conspicuous and become confluent with a second 
pair of more primitive openings on the occipital surface, 
the fossae bridgei, through which pass branches of the 
facial, trigeminal, and glossopharyngeal nerves. 

The evolution of the posttemporal fossae correlates 
with the elaboration of a medial bone, the supraoccipital, 
which is a particularly prominent component in the skull 
of most higher teleosts (see Figure 7-19). 

Scales, vertebrae, and fins 

The bony elements of the locomotor system, the scales, 
vertebral column, and fins, can be easily seen in fossils 
and enable us to appreciate the major patterns of actin- 
opterygian evolution. 

The most conspicuous superficial feature of Paleozoic 
and early Mesozoic actinopterygian fish is their heavy 
shiny scales. Due to the enamel-like surface of these scales, 
the term ganoid fish was long applied to these and other 
archaic Osteichthyes. Although these heavy, overlapping, 
interlocking scales certainly would have provided a large 
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Figure 6-24. BRAINCASE OF THE PRIMITIVE TELEOST PHOL- 
IDOPHORUS. (a) Lateral, (b) sagittal, (c) palatal, and ( d ) occipital 
views. We can see more individual centers of ossification here than in 
primitive actinopterygian fish (see Figure 6-TI). Abbreviations as fol- 
lows: asc, ridge over anterior semicircular canal; bhc, bucco-hypophysial 
canal; bo, basioccipital; bpt, basipterygoid process; bs, basisphenoid; 
dpt, dermopterotic; eo, exoccipital; epo, epioccipital; esc, ridge over 
external semicircular canal; f, frontal; fhm, hyomandibular facet; ic, 
foramina for internal carotid; Ic, intercalar; jc, jugular canal; L de, 
lateral dermethmoid; le, lateral ethmoid; not, notochordal calcification 
in notochordal pit; opis, opisthotic; ors, orbitosphenoid; p, parietal; 
pit, pituitary fossa; pro, prootic; prob, prootic bridge; ps, parasphenoid; 
pto, pterotic; pts, pterosphenoid; rsem, recess on parasphenoid housing 
origin of subcephalic muscles; sacr, saccular recess; soc, supraoccipital; 
spo, sphcnotic; stf, subtemporal fossa; str, prootic or intercalar portion 
of strut across subtemporal fossa; utr, utricular recess; v, vomer; ve, 
ventral ethmoid; I— X, foramina of cranial nerves. Prom Patterson, 1975. 


measure of protection, they must have significantly re- 
stricted mobility and would have added considerable weight 
to the fish. 

Since the Devonian, the scales have been gradually 
reduced in most lines, although the living polypteriforms 
and gars may have as thick a covering as primitive pa- 
laeoniscoids. The central (dentine and vascular) layer of 
the scales tends to be lost first. In the ancestors of teleosts, 
the superficial layer of ganoine is also reduced and finally 
lost. However, it still persists in the tail region in early 
teleosts. There is a concomitant tendency for the shape 
of the scales to be modified from a diamond-shaped or 
rhombic configuration to a circular or cycloid scale. These 
changes occur at different rates in various lineages and 
some groups, even among the Palaeoniscoidea, totally lost 
their scales. 

In the evolution between chondrosteans and later 
neopterygians, the reduction of scales is accompanied by 
gradual ossification of the vertebral centra. These changes 
may be related to the mode of swimming. In general, the 
palaeonisciforms were relatively long bodied; this pre- 
sumably facilitated an anguilliform mode of swimming, 
with broad and relatively slow undulations passing from 
the head to the tail. The heavy scalation probably pre- 
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eluded rapid or sharp-angled bending of the body. Con- 
sequently, the notochord did not have to be reinforced to 
resist strong muscular contraction. 

With reduction of the scales to thin, flexible elements, 
the body could be bent more rapidly and powerfully. The 
primitive notochord was presumably not strong enough 
to resist the greater tensile and compressive forces acting 
on the column. Some actinopterygians develop cylindrical 
vertebral centra as early as the Lower Permian, but in 
general they are present only in advanced neopterygians. 
Centra are only just beginning to form among early te- 
leosts of the Triassic. Ossification of the centra is partic- 
ularly important in establishing the form of the skeletal 
supports of the tail. These supports provide a key to un- 
derstanding the evolution of teleosts and will be discussed 
with the caudal fin. 

The fins in palaeoniscoids are covered by scales com- 
parable to those on the trunk but arranged in long, jointed 
rows termed dermal fin rays. They strengthen and protect 
the fins but limit their mobility. In later actinopterygians, 
the number of fin rays is reduced and those that remain 
are solidified by fusion of the scales. In teleosts, the num- 
ber of dermal fin rays of the dorsal and anal fins corre- 
sponds with the number of endochondral supports with 
which they articulate basally. 

In contrast with the rigid structure of the primitive 
fins, the reduced number of rays in teleosts allows the 
whole fin to be raised or lowered, and portions of it can 
be swung from side to side. Many of these changes oc- 
curred within the early neopterygians. Further advances 
in fin structure occur within the teleosts themselves and 
will be discussed with the diversification of that group. 

The caudal fin 

The shape of the caudal fin is one of the most obvious 
differences in the general appearance of chondrosteans 
and teleosts. It is completely heterocercal in palaeonisci- 
forms with the notochord extending to the tip of its dorsal 
margin. In teleosts, it is superficially symmetrical, or ho- 
mocercal, and the vertebrae extend only as far as the base 
(Figure 6-25). 

The asymmetrical shape of the tail in primitive pa- 
laeoniscoids may have been necessary to produce a strongly 
asymmetrical thrust to counteract the weight of a body 
that was covered by heavy bony scales. We may relate 
the achievement of a symmetrical tail by early teleosts to 
a reduction of body weight resulting from thinning of the 
scales and the greater effect of the swim bladder in achiev- 
ing neutral buoyancy. 

Evolution first affected the more superficial aspects 
of the tail, so that the surface that was in contact with 
the water became symmetrical relatively rapidly. It took 
much longer for the endoskeletal supports to approach a 
symmetrical appearance. Structurally, the elements sup- 
porting the ventral and dorsal lobes of the tail remain 
different, even in the most advanced teleosts, as a result 
of a disparity between the epichordal and the hypo- 
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chordal elements of the tail that are inherited from 
palaeoniscoids. 

In palaeoniscoids, the notochord is supported dor- 
sally and ventrally by neural and haemal arches, but cau- 
dal lepidotrichia are entirely confined to the hypochordal 
lobe. In several lines of advanced chondrosteans, the no- 
tochordal axis is shortened and the dermal fin rays extend 
to the dorsal margin of the caudal fin. 

In 4***^ a living representative of the primitive ne- 
opterygian level of evolution, the caudal fin is formed 
primarily by redistributing the fin rays of the hypaxial 
lobe while retaining a relatively long, upturned axial skel- 
eton (Figure 6-25 b). The axial skeleton is reduced in the 
ancestors of the teleosts, and both epaxial and hypaxial 
elements contribute to the caudal fin. 

In considering the origin of the teleost pattern, we 
may start with the parasemionotiforms of the Lower Triassic 
(Figure 6-25a). They may not be phylogenetic ancestors 
of the teleosts, but many of their skeletal features are 
almost ideal structural antecedents. There are no central 
ossifications. The notochordal axis is upturned and ex- 
tends nearly to the end of the tail. Dorsally, the base of 
the tail is supported by nine skeletal elements, the epurals, 
articulating with the last neural arches. Ventrally, the tail 
is supported by haemal arches, the last five of which lie 
medial to the haemal arteries and veins. These arches are 
termed hypurals and are the primary supports for the 
dermal fin rays. 

The notochordal region in pholidophorids (Figures 
6-25 c, d), the most primitive group included in the te- 
leosts, still shows little ossification, except for small ele- 
ments between the neural and haemal arches, the inter- 
calaries. The arches themselves have grown around the 
notochord and develop as calcifications in its sheath. There 
is a clear division ventrally between the anterior haemal 
arches and the hypural elements of the tail. The first two 
hypurals form the primary support for all the fin rays of 
the ventral lobe of the tail. The dorsal lobe is supported 
by nine or ten additional hypurals, termed dorsal hypur- 
als. They support seven to eight principal caudal fin rays. 
Dorsally, the caudal or ural neural arches, the uroneurals, 
show the initiation of specializations characteristic of early 
teleosts. They are paired, rather than medial, as are the 
anterior neural arches. All but the most anterior uro- 
neurals are elongated, so that they overlap one another 
and the more posterior neural arches. There are seven to 
eight pairs of uroneurals above which are four to five 
epurals. There are 22 to 24 principal caudal fin rays. 

The general appearance of the caudal supports at the 
next level of teleost evolution is very distinct, but it can 
be interpreted as having arisen directly from pholidopho- 
roids. Although generally somewhat smaller fish than the 
pholidophorids, the leptolepids (Figure 6-25e) have sol- 
idly ossified vertebral centra in the form of close-fitting 
cylinders. The articulation of the first two hypurals to a 
single centrum is a simple, diagnostic feature of teleosts 
that is evident at this evolutionary level. This centrum 
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Figure 6-25. CAUDAL FIN SUPPORTS OF NEOPTERY GIAN FISH. 
(a) Undetermined parasemionotid from the early Triassic of Greenland 
showing primitive neopterygian condition, about x 5. From Patterson, 
1973. ( b ) Amia. In contrast with teleosts, the centra are perichordally 
ossified and diplospondylous (two centra to a segment), approximately 
Xl. From Patterson, 1973. (c) Pholidophorus becbei, vertebral centra 
are just beginning to form, x 2j. From Patterson, 1968. ( d ) Pbolido- 
phorus bechei, external surface of caudal fin showing the symmetrical 
arrangement of scales and dermal fin rays. Fulcral scales are still retained, 
xi From Patterson, 1968. ( e ) Tharsis [Leptolepis] dubius, a primitive 
teleost, representative of the leptolepid level of development. Note two 
hypurals articulate with one ural centrum, x 3|. From Patterson, 1968. 
(fj Pacbycormus, an Upper Jurassic neopterygian of uncertain taxon- 
omic affinities, x3. From Patterson, 1968. Abbreviations as follows: 


bf, epaxial basal fulcra; cs, caudal scute; die, dorsal intercalary; ep, 
epurals; epr, lowermost epaxial fin ray; ff, fringing fulcra; gev, groove 
for caudai vein and artery on hypural; h, hypurals; h 2 + n, hypural 
plate, comprising second and an unknown number of succeeding hy- 
purals; h n + 1, free hypural; hpu, preural haemal arches and spines; 
II, course of lateral line; lfr, expanded base of lowermost fin ray of 
upper caudal lobe; ms, median dorsal scale; na, neural arch; nc, no- 
tochordal calcifications (hemicentra); npu, preural neural arch; nu, ural 
neural arch; poc, postcentrum of preural vertebra; pph, postero-dorsal 
processes on heads of upper hypurals; pre, precentrum of preural ver- 
tebra; pu, preural centrum; rfr, reduced uppermost hypaxial fin ray; sc, 
upper and lower caudal scutes; u, ural centrum; ud, urodermals; una, 
ural neural arches; vie, ventral intercalary; vra, ventral caudal radials. 
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probably represents the fusion of elements from two seg- 
ments. There is only one additional ural centrum. Five 
dorsal hypurals are present. The uroneurals are more elon- 
gated than in early pholidophoroids, and their origin as 
neural arches is only barely recognizable. The number of 
epurals is reduced to three. As in the basal members of 
all major teleost groups, there are 19 principal caudal fin 
rays. The caudal structure of leptolepids forms an ideal 
ancestral pattern for the derivation of advanced teleosts. 

We will discuss additional changes in the structure 
of the endochondral supports of the caudal fin in relation 
to the differentiation of the modern teleost groups of the 
late Mesozoic in Chapter 7. 

PRIMITIVE NEOPTERYGIANS 

Many families of Mesozoic fish show one or more of the 
advanced features that characterize neopterygians. Among 
these families are the ancestors of the teleosts. However, 
most Mesozoic groups are not closely related to the lin- 
eage that gave rise to the dominant late Mesozoic and 
Cenozoic actinopterygians. Several of these are very dis- 
tinct when they first appear in the fossil record, and we 
have not yet determined their relationships. In the past, 
this assemblage of Mesozoic actinopterygians was placed 
in a distinct infraclass, the Holostei. Until we have a better 
understanding of their affinities, they will be considered 
simply as primitive neopterygians. 

Semionotidae 

The earliest known neopterygian, the Upper Permian ge- 
nus Acentrophorus (Figure 6-26), is distinguished from 
chondrosteans by the presence of an interopercular and 
the separation of the maxilla from the opercular series. 
However, no supramaxilla is yet developed above it. As 
in advanced chondrosteans, the lower jaw is short and 
the jaw suspension is nearly vertical. The notochordal axis 
of the tail is shortened, so that the caudal fin is not so 
strikingly heterocercal. The number of dermal fin rays is 
reduced and their joints are lost. 

We have not yet established the specific ancestry of 
Acentrophorus. It is older than the advanced chondros- 
teans of the Triassic and presumably arose directly from 
among the palaeoniscoids. Carboniferous genera such as 
Canobius (see Figure 6-16) and Aeduella have an upright 
jaw suspension like that of the early neopterygians but 
show few other advanced features in either the skull or 
the postcranial skeleton. 

Acentrophorus is classified among the Semionotidae, 
which includes some 20 other genera from the Mesozoic 
(Figure 6-26). Semionotus from the Triassic and Lepi- 
dotes ranging from the Upper Triassic into the Lower 
Cretaceous are typical representatives. Dapedium's deep- 
bodied form is analogous to genera seen among the earlier 
actinopterygians. The short mouth is armed with peglike 
teeth, indicating that they feed on some type of hard in- 
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Figure 6-26. SEMIONOTID NEOPTERYGIANS. (a) Restoration of 
Acentrophorus, the oldest known neopterygian from the Upper Permian, 
approximately natural size. From Moy-Thomas and Miles, 1971. ( b ) 
Skull of Acentrophorus, x 4. From Moy-Thomas and Miles, 1971. (a 
and b) By permission from Chapman and Hall, Ltd. [c) Lepidotes minor 
from the Jurassic, approximately 30 centimeters long. From Smith- 
Woodward, 1891-1901. (d) Dapedium, a deep-bodied genus, about 35 
centimeters long. Photograph courtesy of Dr. Wild. 
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vertebrate prey. The scales in this group retain a heavy 
layer of ganoine. 

The quadratojugal remains distinct and the vomers 
are paired among early semionotids. In later genera in 
which the braincase is well known, the lateral fissure is 
closed, whereas it is still open in early teleosts. The later 
genera have also developed a large myodome and a post- 
temporal fossa. Despite their early appearance, we do not 
think that semionotids were ancestral to teleosts. They 
may not in fact represent a natural group (Patterson, 1973). 


Halecomorphi: Amiidae, Caturidae, 
and Parasemionotidae 

The term halecomorph is applied to the largest natural 
group of advanced actinopterygians not included among 
the teleosts. This group includes the living 1 mia, a score 
of closely related Jurassic and Cretaceous genera, and the 
Triassic parasemionotids (Figure 6-27). They are char- 
acterized by the ventral elaboration of the symplectic that 
articulates with the lower jaw along with the quadrate. 
This feature is not seen in teleosts. 

In typical neopterygian fashion, the amiids are ad- 
vanced in having a mobile maxilla, a supramaxilla, and 
a well-developed interopercular. The posttemporal fossa 
is confluent with the fossa bridgei. They are more prim- 
itive than the early teleosts in that the myodome does not 
extend into the basioccipital. In Amia, it accommodates 
only the external rectus; the other eye muscles originate 
on the basisphenoid. There is only a single supramaxilla, 
no supraoccipital ossification, and the caudal neural arches 
are not specialized like the uroneurals in pholidophorids. 

The genus Amia is known as early as the Upper Cre- 
taceous. Nine other members of the family Amiidae are 
known from the Upper Jurassic into the Cretaceous. The 
caturids from the Upper Triassic to the Cretaceous pre- 
cede the amiids in both time and degree of anatomical 
specialization. They include Heterolepidotus and seven 
other genera. In turn, the Caturidae may be derived from 
the Parasemionotidae of the Lower Triassic. This latter 
group shows the initiation of all the important neopte- 
rygian characters, and at least one genus shows the pe- 
culiarities of the symplecdc-lower jaw articulation char- 
acteristic of caturids and amiids. Among most haleco- 
morphs, the lateral cranial fissure is closed either by 
cartilage, endochondral bone, or a membranous over- 
growth. However, in the parasemionotid Watsonulus, it 
is still open in the manner of chondrosteans (Olsen, 1984). 

We know about a dozen genera of parasemionotids, 
primarily from eastern Greenland and Madagascar, where 
the marine Lower Triassic is particularly well exposed. 
These genera show considerable variations in the anatomy 
of the cheek region, suggesting that they represent a grade 
of development, rather than a well-defined taxonomic 
group. The fossa bridgei and posttemporal fossa are still 
distinct. Parasemionotids are primitive relative to other 
members of the Neopterygii in this and most other fea- 



Figure 6-27. PROGRESSIVE CHANGES AMONG HALECO- 
MORPH FISHES, (a) The Lower Triassic parasemionotid Parasemion- 
utus. After Lehman, 1966. (b) iuiturus (Caturiidae) from the Jurassic. 
From Smith-Woodward, 1891-1901. ( c ) Skull of the Lower Triassic 
parasemionotid Watsonulus. Abbreviations as in Figure 6-13. From Ol- 
sen, 1984. ( d) The modern genus Amia. From Patterson, 1973. ( e ) 
Relationships of the symplectic and quadrate, both of which articulate 
with the lower jaw in halecomorphs. From Patterson, 1973. 
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tures of the skeleton, but unquestionably advanced above 
the chondrostean level. In most skeletal features, partic- 
ularly the modification of the cheek region related to 
neopterygian feeding patterns, parasemionotids are nearly 
ideal ancestors for the pholidophorids. Patterson (1973) 
argues that extension of the symplectic to the articular is 
a derived feature that excludes parasemionotids from the 
ancestry of the teleosts. In contrast, Olsen (1984) suggests 
that this character may have been a primitive feature of 
the ancestors of teleosts. 

Pycnodonts 

The pycnodonts (Figure 6-28) are a diverse order that 
includes at least six families. All known members have 
many specialized features. They are characterized by a 
deep, narrow body; the dorsal and anal fins are long and 
the caudal fin homocercal. Reduced scales are a peculiar 
feature of many pycnodonts. Only a few anterior oblique 
rows of scale bars (the keels of chondrostean peg- 
and-socket scales) persisted in advanced forms such as 
Pycnodus. 

The snout is elongated and terminates in a small 
mouth bearing peglike or incisiform premaxillary and 
dentary teeth, with a pavement of crushing teeth on the 
vomer and inner surface of the lower jaw. If we compare 
the pycnodonts with living teleosts that have a similar 
body shape and dentition, we can see that this group 
probably lived in quiet reef waters and fed on molluscs, 
echinoids, and other hard-bodied prey. 

The pycnodonts appeared first in the late Triassic, 
flourished in the Jurassic and Cretaceous, and apparently 
died out in the Eocene. Their ancestry is difficult to es- 
tablish. The general body shape resembles that of the 



Figure 6-28. PROSCINETES { MICRODON ], A JURASSIC PYC- 
NODONT, x J. Most of the scales are lost, leaving only a lattice work 
formed from the keels of the archaic peg-and-socket articulation. From 
Smith-Woodward, 1916. 


( a ) Dermopterotic 




Figure 6-29. REPRESENTATIVES OF THE JURASSIC NEOPTE- 
[y RYGIAN FAMILY MACROSEM11DAE. (a) Skull of Macrosemius, x 1J. 
(b) Skeleton of Legnonotus, about natural size. From Bartram, 1977. 


palaeonisciform ( modus (see Figure 6-Yla) and the 
advanced chondrostean Cleithrolepis (see Figure 6-21c). 
We can interpret these similarities as the result of con- 
vergence toward a similar way of life rather than an in- 
dication of close relationship. 

The mobility of the maxilla and the presence of a 
myodome suggest that pycnodonts evolved from the base 
of the neopterygian assemblage. Unlike other early ne- 
opterygian orders, they lack both the supramaxilla and 
the interopercular. We assume that the absence of these 
bones is a specialization rather than a primitive feature 
of the group. The symplectic articulates with the lower 
jaw as is the case with amiids and caturids, which indicates 
at least a distant relationship to the halecomorphs (Pat- 
terson, 1973). 

Macrosemiidae 

The macrosemiids, which Bartram (1977) recently re- 
viewed, are a clearly monophyletic family that include six 
genera ranging from the Upper Triassic into the Lower 
Cretaceous. They are immediately differentiated from all 
other neopterygians by the presence of seven peculiar scroll- 
shaped infraorbital bones and two others with a tubular 
configuration behind the eye (Figure 6-29). The inter- 
opercular is small and remote from the mandible. Some 
genera have a very long dorsal fin and may lose the scales 
on either side of the dorsal midline. There is no supra- 
maxilla, and the quadratojugal is retained as a free ele- 
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ment. The symplectic lacks the specialization of the hal- 
ecomorphs. We do not know the condition of the myodome 
and the posttemporal fossa. No genera are known that 
link macrosemiids with other Mesozoic actinopterygians 
and they share no important specialized features with any 
group. They may have arisen from a very primitive level 
of neopterygian evolution. 

Pachycormidae and Aspidorhynchidae 
The Pachycormidae and Aspidorhynchidae are only known 
from specialized Jurassic and Cretaceous genera whose 
relationships to more primitive actinopterygians is not 
obvious. The Pachycormidae (Figure 6-30) include 11 
genera that are characterized by elongated scythe like pec- 
toral fins and reduction or loss of the pelvic fins. All have 
an elongate bony rostrum; in the Cretaceous genus Pro- 
tosphyraena, it resembles that of the swordfish. The cau- 
dal fins have some teleost characteristics. They possess 
structures that can be interpreted as uroneurals that are 
otherwise present only in pholidophorids and their deriv- 
atives. The first hypural is separate, while the second hy- 
pural is fused with an undetermined number of more 
posterior hypurals into a broad triangular plate (see Figure 
6-25/). This pattern is quite different from the pholido- 
phorid’s but can be derived from it. There is a small, 
movable lateral premaxilla, as in teleosts, but only a single 
supramaxilla. The vomers are paired. The symplectic does 
not reach the articular, and we have no other reason to 
associate this family with the halecomorphs, as has been 
a common practice. 

Aspidorhynchus (Figure 6-31) and Belonostomus of 
the Middle Jurassic to Upper Cretaceous are primitive 
neopterygians that resemble gars in both the retention of 



Figure 6-31. ASPIDORHYNCHUS. This predaceous Jurassic neop- 
/ terygian, possibly closely related to the teleosts, is about 60 centimeters 
long. From Smith-Woodward, 1891-1901. 


thick ganoid scales and in body form that relates to fast 
swimming and predaceous feeding habits. However, their 
distinctive cranial structures make a close relationship 
improbable. The lower jaws are moderately elongated, 
and there is a long, typically toothless rostrum. The skel- 
eton of the caudal fin has rudimentary uroneurals com- 
parable with primitive teleosts. More precise assignment 
awaits study of the braincase. 

Most of the primitive neopterygian groups were ex- 
tinct before the end of the Mesozoic. A few pycnodonts 
survived into the Eocene, but only a single genus, Amia, 
is alive today. 


Summary 

Acanthodians are primitive jawed fish that are first 
known in the Lower Silurian and persist into the 
Lower Permian. The structure of the jaws resembles the 
pattern of both Chondrichthyes and Osteichthyes, but 
they lack a regular pattern of tooth replacement and may 



Figure 6-30. THE PACHYCORMID PACHYCORMUS, THOUGHT TO BE CLOSELY RELATED TO THE TELEOSTS, 
x 5 o. Photograph courtesy of Dr. Wild. 
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not lie closely related to either of the major groups of 
jawed fish. Acanthodians are characterized by large spines 
supporting the dorsal, anal, and paired fins. Primitively 
they had additional paired spines between the girdles. We 
recognize three orders: Climatiida, Ischnacanthida, and 
Acanthodida. 

Ostseichthyes are distinguished from Chondrichthyes 
by the ossification of the skeleton and the presence of a 
swim bladder. The bony exoskeleton of the head and 
shoulder girdle contribute to an effective integration of 
feeding and respiration. Isolated scales of osteichthyan 
fish are first known from the end of the Silurian. Two 
major groups, the actinopterygians and the sarcoptery- 
gians, have dominated marine and fresh waters from the 
beginning of the Devonian. Actinopterygians are char- 
acterized by multiple parallel endochondral fin supports 
controlled by muscles within the body wall and the ab- 
sence of an epichordal lobe of the caudal fin. 

Actinopterygians are divided into two large groups, 
the chondrosteans, which radiated primarily in the De- 
vonian and Carboniferous, and the neopterygians, which 
emerged at the end of the Paleozoic, radiated extensively 
in the Mesozoic and early Cenozoic, and constitute the 
vast majority of living fish. 

The Palaeonisciformes represent the central stock of 
Paleozoic chondrosteans and continued as a dominant 
group into the early Mesozoic. They exhibit heavy ganoid 
scales, a strongly heterocercal tail, and jointed dermal fin 
rays. The maxilla is long and closely integrated with the 
cheek; the vertebral centra are not ossified. Two groups 
of chondrosteans, the Polypteriformes and the Acipen- 
seriformes, have survived to the present. We have not 
established the specific ancestry of these orders. The 
neopterygians also evolved from among the Paleonisci- 
formes. 

The evolution of actinopterygian fish during the Me- 
sozoic is marked by progressive changes in the jaws and 
hyoid apparatus that increased the size and speed of open- 
ing of the oropharyngeal chamber. The maxilla becomes 
freed from the cheek and three new bones, the symplectic, 
supramaxilla, and interopercular, evolve. The braincase 
is modified for more effective attachment of the eye mus- 
cles and the epaxial muscles, which lift the skull to open 
the mouth. The scales are lightened and the vertebral 
centra have ossified to facilitate rapid swimming. The tail 
becomes more symmetrical as the swim bladder becomes 
more effective in achieving neutral buoyancy. 

These changes occurred in a number of distinct lin- 
eages during the Mesozoic, one of which gave rise to the 
modern teleost fish. Other neopterygian lineages common 
in the Mesozoic were the semionotids, halecomorphs, pyc- 
nodonts, macrosemiids, pachycormids, and aspidorhyn- 
chids. 

References for Chapters 6 and 7 are combined on 
pages 133-135. 


Advanced Bony Fish: 
The Teleosts 


Almost all living actinopterygian fish — ranging from the 
familiar perch and goldfish to such peculiar forms as sea- 
horses, elephant-snout fish, flatfish, and deep-sea scaly 
dragonfish — belong to a single division, the Teleostei. Many 
approaches can be taken in discussing such a diverse group, 
including emphasizing functional anatomy and environ- 
mental adaptation, zoogeography, or reproductive and 
developmental strategies. In this chapter, we will concen- 
trate on the phylogenetic relationships of the major groups 
to provide a framework that is necessary to study a host 
of evolutionary processes such as the direction and rates 
of morphological change, the frequency of convergence, 
parallelism and reversal, and the patterns of geographical 
dispersal. 
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Teleost classification 

Because of their great numbers and wide range of 

anatomical diversity, it is a monumental problem to 
establish phylogenetic relationships among the teleosts. 
Nelson (1984) classified the over 20,000 living species in 
35 orders and 409 families. The challenge of understand- 
ing the relationships within this assemblage has attracted 
many workers in the past 20 years, including the most 
knowledgeable taxonomic innovators. This work has re- 
sulted in a continuing flood of papers and a rapid reor- 
ganization of the taxonomy of teleosts. The work of 
Greenwood, Rosen, Weitzman, and Myers (1966) rep- 
resents a watershed as the earliest and most comprehen- 
sive of the recent revisions. Many details of classification 
have since been modified, but their paper provided an 
important impetus for further work, especially because of 
its emphasis on establishing strictly monophyletic groups 
based on unique derived characters. 

Earlier classifications of the teleosts had been based 
on the recognition of a series of evolutionary grades, start- 
ing from a primitive level broadly resembling the modern 
salmon, through intermediate steps, toward the most ad- 
vanced forms of which the perch is the best-known ex- 
ample. In addition, a number of highly specialized groups, 
such as the Anguilliformes (eels) and the Ostariophysii 
(catfish and carps), have long been recognized. We now 
realize that most of the major groups of teleosts have a 
very long history going back to the late Mesozoic. The 
early members of each modern group are very similar to 
one another. Their relationships with living teleosts are 



(b) 



^•5 Figure 7-1. REPRESENTATIVES OF THE PHOLIDOPHORID AND 
LEPTOLEPID LEVELS OF EARLY TELEOST EVOLUTION, (a) Or- 


V 


■/ f xhima. a pholidophorid from the Lower Jurassic of Antarctica; x IT 
From Schaeffer, 1972. Courtesy of the Library Services Department, 
American Museum of Natural History, (b) Varasichthys griasi, an Upper 
^ Jurassic representative of the “leptolepid” level of organization, x j. 
This fish represents the pattern from which all advanced teleosts evolved. 
From Arratia, 1981. 


based on specific characters of the caudal fin and details 
of the jaw and pharyngeal apparatus. Several taxa that 
have been accepted for many years — most notably the 
primitive level represented by the salmon, the Protacan- 
thopterygii — were found to be unnatural assemblages in- 
cluding the ancestors of many distinct modern lineages. 

Lauder and Liem (1983) provide the most recent re- 
view and appraisal of teleost relationships. Their analysis 
is based on works by Patterson (1973), Rosen (1973), 
Patterson and Rosen (1977), Rosen and Patterson (1969), 
Fink and Weitzman (1982), Forey (1973a and b), Green- 
wood (1977), Nelson (1969a and b, 1973), Weitzman 
(1974), and Fink and Fink (1981). 

More major changes in teleost classification are ex- 
pected within the next decade. Areas that are likely to be 
subject to the most significant changes include the specific 
interrelationships among the major groups and the clas- 
sification of perciform fishes, which embrace over 7000 
species in 150 families and 21 suborders. 


Ancestral teleosts 


PHOLIDOPHORID AE 
AND LEPTOLEPIDAE 

The earliest known teleosts are the late Triassic and early 
Jurassic pholidophorids (Figures 7-1 a and 7-2 a). Most are 
relatively small fusiform fish but some were as much as 
40 centimeters long. Many have large teeth, which sug- 
gests that they had active predaceous habits. The tail is 
superficially symmetrical and the number of dermal fin 
rays is reduced. Most species retain rhomboidal scales 
with a thin layer of ganoine. 

Patterson and Rosen (1977) recognized the pholi- 
dophorids as teleosts by the presence of the following 
features that are characteristic of early members of all 
the late Mesozoic teleost groups: 

1. Two supramaxillae 

2. Extension of the myodome into the basioccipital 

3. Ural neural arches modified as uroneurals 

4. Premaxilla divided into a lateral, mobile, tooth- 
bearing portion and a more medial bone termed 
the lateral dermethmoid 

5. Quadratojugal fused with quadrate 

6. Fused vomers 

Early pholidophorids are primitive in that the lateral 
cranial fissure is not completely closed. The vertebral cen- 
tra in this group are weakly ossified. 

We have not established the specific ancestry of phol- 
idophorids. The parasemionotids resemble them in gen- 
eral appearance but some are more specialized in the clo- 
sure of the lateral cranial fissure. Other parasemionotids 
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might be ancestral to pholidophorids, or they may have 
evolved directly from palaeoniscoids. 

The pholidophorids are succeeded in the Jurassic by 
the closely related leptolepids (Figures 7-1 b and 7-2 b, c). 
Leptolepids are more similar to modern teleosts in having 
their vertebrae fully ossified. The scales are cycloid, which 



Figure 7-2. THE SKULLS OF PRIMITIVE TELEOSTS. (a) Pholido- 


is a condition that is achieved in some pholidophorids. 
Their small size (as little as 5 centimeters long), general 
skull proportions, and tiny teeth resemble modern teleosts 
that are effective planktonic feeders (Nybelin, 1974). Close 
similarities of particular features of the skull and caudal 
skeleton indicate that some species typically included among 
the leptolepids are closely related to the major teleost 
groups that become fully differentiated in the Cretaceous. 

Patterson and Rosen (1977) do not consider the groups 
referred to as pholidophorids and leptolepids to be valid 
taxonomic units. Several species once assigned to the fam- 
ily Leptolepidae are now classified with more advanced 
teleost groups; these include the type species of the genus 
Leptolepis. Pholidophorids are also difficult to define since 
various species may be included in more advanced groups. 
The terms pholidophorid and leptolepid do remain con- 
venient however, in referring to early stages in the de- 
velopment of teleost characteristics. 

The radiation that led to the modern teleost groups 
began among the Jurassic leptolepids. Five major groups 
(designated as cohorts) are recognizable within the Me- 
sozoic: the Osteoglossomorpha, Elopomorpha, Clupeo- 
morpha, and Euteleostei, which constitute the modern 
fauna, and the Ichthyodectiformes, which were prominent 
in the Cretaceous but are now extinct. 


ICHTHYODECTIFORMES 

The Ichthyodectiformes are known from approximately 
a dozen genera, typified by the Cretaceous genus Xi- 
phacttnus (Figure 7-3). Most are large predaceous fish with 
a marginal dentition composed of long conical teeth. In 
contrast, Allothrissops from the late Jurassic was a small 
form with a microphagous dentition. Two peculiarities 
unite these genera and distinguish them from other te- 
leosts. The anterior uroneurals are expanded and cover 
the lateral faces of the preural centra (Figure 7-4 a), and 
a uniquely shaped endoskeletal ethmo-palatine bone com- 
prises part of the floor of the nasal capsule. Most members 
of the group are marine, but some fossils are found in 
brackish or even freshwater deposits. The Ichthyodecti- 
formes probably arose from among the genera that are 



Figure 7-3. Xiphactinus [ Portheus], a representative of the primitive 


phorus bechei. Lower Jurassic, x 2. From Nybelin, 1966. ( b ) Tharsis 
[ Leptolepis ] dubius. Upper Jurassic, x lj. From Patterson and Rosen, 

1 977 . (b and c) Courtesy of the Library Services Department, American 
Museum of Natural History, (c) A primitive Upper Jurassic clupeoce- ' teleost order Ichthyodectiformes that was prominent in the Cretaceous, 
phalan, Leptolepides sprattiformis, X5. From Patterson and Rosen, about 4 meters long. The skeleton of another ichthyodectiform, Gillie 
1977. For abbreviations see Figure 6-13. is within the body cavity. From Bardack, 1965. 
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f Figure 7-4. CONFIGURATION OF THE CAUDAL SUPPORTS IN PRIMITIVE TELEOSTS. (a) The ichthyodectiform 

' Tbrissops from the Upper Jurassic, approximately x 2. ( b ) The osteoglossomorph Lycoptera, Upper Jurassic, approximately 

s' x 8. (c) The primitive clupeocephalan Leptolepides sprattiformis from the Upper Jurassic, approximately X 7. (d) The early 

■ clupeomorph Diplomystus from the Lower Cretaceous, x3J. Abbreviations as follows: br, branched caudal fin rays of upper 

lobe, numbered from top downward; esc, caudal scute; ep, epurals; h, hypurals; npu, neural arch or spine of numbered 
preural centrum; nula, nulp, anterior and posterior neural arches of first ural centrum, ph, parhypural bone; pu, preural 
centra; u, ural centra; ud, urodermals; ula, ulp, anterior and posterior parts of first ural centrum; ul+h2, fused first ural 
7- centrum and second hypural, characteristic of clupeomorphs; un, uroneural bones. From Patterson and Rosen, 1 977. Courtesy 

-J 1 of the Library Services Department, American Museum of Natural History. 


typically considered as leptolepids, at a slightly more 
t V primitive level than that of the ancestors of the living 

i teleost groups. 

Living teleost groups 

V 

# The interrelationships of the four living teleost co- 

horts have been much debated in recent years, and 
almost all possible taxonomic combinations have been 
t suggested, depending on which anatomical characters are 

•••- emphasized. The anatomy of the Tertiary and Recent 

members of these groups is very distinct, but their early 


Cretaceous and late Jurassic predecessors were extremely 
similar in overall morphology. Many species now clas- 
sified as basal members of the advanced groups were in- 
cluded in the family Leptolepidae. 

According to Patterson and Rosen (1977), the struc- 
ture of the lower jaws, gill arches, and caudal skeleton 
indicate that the closest relatives of the euteleosts (which 
include most living teleosts) are the clupeomorphs. The 
clupeomorphs and euteleosts together constitute the Clu- 
peocephala. They argue that the Clupeocephala shared a 
common ancestry with the Elopomorpha. The Clupeo- 
cephala and Elopomorpha are together designated as the 
Elopocephala. The Elopocephala probably shared a com- 
mon ancestry with the Osteoglossomorpha, which are 
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TELEOSTEI 


Elopocephala 


Clupeocephala 



Figure 7-5. A cladogram showing hypotheses of relationships among 
the major groups of teleosts that can be recognized by the end of the 
Mesozoic. From Patterson and Rosen, 1977. Courtesy of the Library 
Services Department, American Museum of Natural History. 

considered to be the sister group of all living teleosts. 
These relationships are graphically illustrated in Fig- 
ure 7-5. 

Early members of the primitive living teleost groups 
may have resembled the living salmon and trout in general 
appearance (although only the primitive euteleosts pos- 
sess a fatty posterior dorsal fin). They were larger than 
the leptolepids but with a similarly elongate body. The 
fins had no spines (which are a feature of more advanced 
teleosts), and the pelvic fin was posterior in position. The 
maxilla was separate from the cheek, but it remained 
toothed. Some elopomorphs, most clupeomorphs, and the 
primitive euteleosts retain this general pattern, but the 
living osteoglossomorphs show extensive modification of 
their body proportions and fin structure. 

OSTEOGLOSSOMORPHA 

Modern osteoglossomorphs are freshwater fish that are 
common in South America, Africa, Southeast Asia, and 
Australia. Only the genus Hiodon occurs in North Amer- 
ica. Most are predaceous. Although the maxilla is usually 
toothed, the primary bite is between the parasphenoid 
and the tongue which is supported by toothed basihyals 
and the glossohyal. The basihyal teeth shear against the 
pterygoquadrate teeth. 

Osteoglossum from Brazil, Egypt, and the East Indies 
and the South American genus Arapaima — the largest of 
all primary freshwater fish — are members of the order 
Osteoglossiformes, which is conservative in body form 
except for the posterior position of the dorsal and anal 
fins. A few members of this order are known from the 
early Tertiary. The elephant-snout fish Mormyrus and 


several other genera from Africa represent a related order, 
the Mormyriformes, that is characterized by the presence 
of electric organs in the caudal region. This group has no 
fossil record. 

The Osteoglossomorpha can be differentiated from 
more advanced teleosts by the retention of 18 principal 
caudal fin rays, a full neural spine on the first preural 
centrum, and (in Recent genera) the coiling of the gut so 
that the intestine passes to the left of the stomach. We 
can recognize early fossils by the presence of three or four 
straplike uroneurals that extend forward beyond the sec- 
ond ural centrum. The genus Efycoptera (Figure 7-4 b) 
from the Upper Jurassic of China is the oldest recognized 
osteoglossomorph. Some individuals of this genus still 
retain two centers of ossification where even the lepto- 
lepids already show a single centrum in association with 
hypurals 1 and 2. There are seven or fewer hypurals com- 
pared with nine or more in leptolepids. The caudal axis 
turns sharply upward at the level of the first preural cen- 
trum, rather than gradually from preural centra 3 to 5. 

ELOPOMORPHA 

Patterson and Rosen (1977) used the term Elopocephala 
to designate all more advanced teleosts. We recognize 
ancestors of this assemblage from the late Jurassic. Species 
from Bavaria attributed to the genus Anaethalion show 
an advancement in caudal structure over the condition in 
osteoglossomorphs. The number of uroneurals that ex- 
tend forward beyond the second ural centrum is reduced 
to two. As in higher teleosts, epipleural intermuscular 
bones (see Figure 7-13) are developed. Species with this 
morphology would be appropriate ancestors for both the 
elopomorphs and the clupeocephalans. 

The Lower Cretaceous species Anaethalion vidali from 
Montsech, Spain, shows specific characters of the elo- 
pomorphs in the formation of a compound neural arch 
developed above the first ural and first preural centra 
(Figure 7-6). The fusion of the angular and retroarticular 
bones at the back of the lower jaw is another derived 
character of this group. This species cannot be assigned 
to any of the modern elopomorph orders, but other fossils 
indicate that the major elopomorph groups were all dis- 
tinguishable by the Upper Cretaceous. 

Greenwood (1977) and Forey (1973b) recently re- 
viewed the Elopomorpha. This group is represented in the 
modern fauna by a heterogenous assemblage of fish in- 
cluding the tarpons, eels, and bizarre deep-sea forms. We 
would not have recognized the interrelationships of this 
assemblage were it not for the fact that all members have 
a highly specialized larval stage that is unlike that of any 
other fish groups (Figure 7-7). This larval type, termed 
the leptocephalus, is leaf or ribbon shaped and is so thin 
and deficient in pigments that it is translucent. The head 
is small but may be conspicuously toothed. The lepto- 
cephalus larva can migrate thousands of miles and can 
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(c) Parietal Frontal 




Figure 7-6. REPRESENTATIVES OF THE ELOPOMORPHA. (a) 
"Anaethalion” vidali, an elopomorphon of uncertain affinities from the 
Upper Jurassic, xj. From Forey, 1973b. ( b ) The Upper Cretaceous 
albuloid Lebonichthy^s gracilis, x J. Both the modern albuloids and the 
eels may have evolved from a genus with a similar morphology. From 
Forey, 1973b. (c) Skull of the modern saccopharyngoid eel Gastrosto- 
mus. From Gregory, 1933. (d) Skull of the modern genus Elops, the ten 
pounder. With permission from Patterson, 1973. Interrelationships of 
holosteans, In P.H. Greenwood, R.S. Miles, and C. Patterson (eds.). 
Interrelationship of Fishes. Copyright 1 973 by the Limnean Society of 
London. For abbreviations, see Figure 6-13. 

tolerate great changes in the salinity, oxygen content, and 
temperature of the water. We know of a somewhat similar 
larval stage in the clupeomorphs, but it is not nearly as 
highly specialized. 

Three major types of elopomorphs may be recog- 
nized. Elops (the ten-pounder) and the tarpon Megalops 
somewhat resemble the modern salmon in their body con- 
figuration, except for the absence of a second, adipose 
dorsal fin. According to Forey (1973b), the elopoids have 
remained virtually unchanged since the Upper Jurassic. 

The Albuloidei includes genera such as Albula, the 
bonefish, in which the general body shape resembles that 


of the elopids and megalopids, but the specialized nature 
of the lateral line canals and associated ossifications in 
the snout region demonstrate affinities with the special- 
ized deep-sea families Notacanthidae (spiny eels) and Hal- 
osauridae. These forms have a long, tapering trunk that 
ends in a much reduced caudal fin. There is a posteriorly 
directed spine on the dorsal edge of the maxilla. The anal 
fin is elongate and merges with the tail, but the dorsal fin 
is short and anterior in position. Some possess photo- 
phores. The genus Osmeroides represents the Albuloidei 
in the Lower Cretaceous and links this group to the base 
of the Elopidae. Both the Notacanthidae and Halosaur- 
idae are known from the Upper Cretaceous. 

We think that primitive albuloids are closely related 
to the ancestry of eels. The Anguilloidea, with more than 
600 species in 19 families, are the most diverse of the 
elopomorphs. All living eels are specialized in the loss of 
the pelvic girdle and the elongation of the dorsal and anal 
fins along with the general elongation of the body. The 
jaws are modified by the fusion of the premaxillae, vo- 
mers, and ethmoid into a single unit. Fossils of eels are 
known as early as the Upper Cretaceous. Angnillavus and 
Encheluvus still retain the pelvic fin but are otherwise 
nearly as specialized as the living species and give little 
evidence of affinities with other teleosts. The living genus 
Anguilla is known from the Eocene. Modern species breed 
in the Sargasso Sea and the larvae drift to North America 
and Europe where they mature in freshwater streams. 

The Saccopharyngoidei, a group of eel derivatives, 
are even more modified. They live in the dark waters at 
the depths of the major ocean basins. Their bodies are eel 
shaped, but the enormous head and distensible pharynx 
allow them to swallow extremely large prey. In addition 
to the pelvic fins that are already missing in eels, they lose 
their scales, ribs, swim bladder, caudal fin, and many of 
the bones of the skull (see Figure 7-6). Nelson (1984) 
suggests that they may be the most anatomically modified 
of any vertebrate group. Unfortunately, there is no fossil 
record of the saccopharyngoids, and we do not know how 
long this high degree of specialization took to evolve. 



Figure 7-7. The leptocephalus larva that is common to elopoids and 
eels. From Biology of Fishes by Carl E. Bond. Copyright © 1979 by 
Saunders College Publishing/Holt, Rinehart and Winston. Reprinted by 
permission of Flolt, Rinehart and Winston, CBS College Publishing. 
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CLUPEOMORPHA 

Patterson and Rosen (1977) placed Leptolepides sprat- 
tiformis (see Figure 7-4c) from the Upper Jurassic and 
Sombroclupeoides bahiaensis from the Lower Cretaceous 
(both of which were formerly assigned to the Leptolepi- 
dae) at the base of the Clupeocephala, the assemblage that 
includes the ancestors of the clupeomorphs and the eu- 
teleosts. These genera are too primitive to be assigned 
specifically to either of these cohorts. In clupeocephalans, 
the retroarticular is excluded from the jaw joint and the 
angular is fused to the articular rather than to the re- 
troarticular, as is the case in elopomorphs. As in other 
higher teleosts, the neural arch over the first ural centrum 
is reduced or absent and the number of hypurals is reduced 
to six. 

Clupeomorphs are distinguished from other teleosts 
in having the swim bladder penetrate the exoccipital and 
extend into the prootic. The Lower Cretaceous genus 
S pratticeps already shows this condition. The tail is dis- 
tinctive in having the second hypural fused with ural ver- 
tebra 1, while the first hypural is free proximally (see 
Figure 7-4 d). 

In their skeleton, the clupeomorphs are nearly as 
primitive as the elopoids, but with 4 families, 80 genera, 
and 300 species they are far more successful in the Ceno- 
zoic. They include many small fish, typical of which are 
the herring, Clupea, as well as the shad, sardines, and 
anchovies. Most clupeomorphs are plankton feeders with 
numerous long gill rakers; Ornategulum (Figure 7-8) was 
present in the late Cretaceous, Forey (1973c) and Grande 
(1982a and b) described many additional genera from the 
Tertiary. 


Euteleosts 

The term euteleost refers to all remaining teleosts. 

They can be divided into three unequal groups, the 
primitive salmonlike fish, the specialized Ostariophysi, 
and a vast assemblage termed the neoteleosts, or spiny 
teleosts. According to Patterson and Rosen, all arose ul- 
timately from a common ancestry with clupeomorphs, but 
their specific interrelationships are not clearly established. 





Figure 7-9. PRIMITIVE EUTELEOSTS FROM THE LATE CRETA- 
CEOUS. (a) Skull of Humbertia, x 2 \. For abbreviations, see Figure 
6-13. (b) The skeleton of Gawdrye//(Z,japproximately natural size, (c) 
Caudal supports of Gaudryella, approximately xl3. Abbreviations as 
follows: ep, epural; h, hypural; npu 2, neural spine of second preural 
centrum; ph, parhypural; pu, preural centrum; u, ural centrum; un, 
uroneural. Note fusion of first preural and first ural centrum. From 
Patterson, 1970. 



Figure 7-8. THE UPPER CRETACEOUS CLUPEOMORPH ORNA- 
1 EGULUM, xh. From Forey, 1973c. 


The euteleosts possess few derived features that are 
unique to that group. Patterson and Rosen (1977) rec- 
ognize euteleosts on the basis of an adipose fin and nuptial 
tubercles. Primitive genera are unique in having a struc- 
ture termed a stegural that is formed by a membranous 
anterior extension of the first ural neural arch, which may 
grow forward beneath the epurals to the level of preural 
centrum 1 or 2 (Figure 7-9 c). A similar structure is also 
present in clupeomorphs, although it may not have been 
present in the common ancestors of the two groups. In 
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elopoids, the neural arches of the first preural and the 
first ura! centra fuse to form a platelike structure. This is 
functionally, but not developmentally, equivalent to the 
structure in euteleosts. 

Most euteleosts are characterized by the possession 
of acellular bone, whereas the bone is cellular in osteo- 
glossomorphs, most clupeomorphs, and some elopo- 
morphs. However, bone cells are present in most ostar- 
iophysans and some salmoniforms, so the evolution of 
acellular bone presumably occurred many times in parallel 
after the initial diversification of the euteleosts. Few eu- 
teleosts are known prior to the Upper Cretaceous. But by 
the Cenomanian, at the base of the Upper Cretaceous, we 
find evidence of a considerable diversity of advanced te- 
leosts. (Unlike most geological periods, there is no Middle 
Cretaceous.) 


PRIMITIVE EUTELEOSTS 


The body form common to modern salmon and trout, 
which are included in the order Salmoniformes, is prim- 
itive for euteleosts. They are generally long bodied with 
a second, adipose dorsal fin. This fin has no skeletal sup- 
port and is only rarely evident in fossils. It is difficult to 
characterize this assemblage further except by primitive 
features that are lost or modified in higher teleosts. The 
fins lack spines. Most species have a large, toothed max- 
illa. The pelvic fins are posterior in position and the pec- 
toral fin is low on the flank. 

Greenwood and his coauthors (1966) included a 
number of other primitive euteleost groups — the alepo- 
cephaloid, myctophid, neoscopelid and questionably the 
ostariophysan fishes (which will be discussed shortly) — 
with the salmoniforms in a single superorder, the Prota- 
canthopterygii. Rosen (1973) removed all but the sal- 
moniforms from this assemblage, since there is no evi- 
dence that they shared a common ancestry separate from 
that of other euteleosts. Fink and Weitzman (1982) dem- 
onstrated that the salmoniforms themselves were a poly- 
phyletic group. Lauder and Liem (1983) recognized that 
the term Protacanthopterygii no longer has any taxo- 
nomic significance and suggested that it be abandoned. 

The following groups have been embraced within the 
Salmoniformes: 


Esocidae 

Umbridae 

Argentinoidea 

Osmeridae 

Galaxiidae 

Salmonidae 


pikes and pickerels 
mudminnows 

smeltlike fish living in deep 
marine waters 

smelts, sweetfish, and icefishes 
smeltlike fish from the southern 
hemisphere 

trout, salmon, white fish, char 


Fink and Weitzman contend that the Esocidae and 
Umbridae represent a single assemblage that is more prim- 
itive than any other euteleosts. Unlike the higher teleosts, 


they retain a toothplate on the fourth basibranchial but 
lack an adipose fin that is common to most other “sal- 
moniforms.” The pike’s dorsal fin is far posterior, so that 
it appears symmetrical with the anal, as in saurichthyids 
and gars. 

The argentinoids, osmeroids, and galaxiids (all of 
which have a smeltlike body form) can be recognized as 
a monophyletic assemblage based on the fusion of the 
posterior caudal neural arch with either the uroneural or 
the first ural vertebra. 

Present evidence indicates that the Ostariophysi, the 
smeltlike fish, and the higher teleosts (including the Sal- 
monidae) share a common ancestry above the level of the 
pikes and their close relatives. The Salmonidae appears 
to have evolved separately from the other “salmoniform” 
fish and is closer to the ancestry of the more advanced 
neoteleosts. Both the exoccipital and basioccipital artic- 
ulate with the first cervical vertebra, while only the bas- 
ioccipital articulates in more primitive teleosts, and there 
is a single medial cartilage between the ethmoid and the 
premaxillae. We have not found any unique characters 
that distinguish all salmonids from other euteleosts. 

Recent taxonomic revisions of primitive teleosts have 
concentrated on living forms, with little consideration for 
their fossil relatives. Among primitive euteleosts, com- 
plete, well-preserved esocoids are known from the Paleo- 
cene of Canada (Wilson, 1980, 1984). We know argen- 
tinoids from the Eocene and galaxiids from the Oligocene. 
Gaudryellfr and Humbertia (Figure 7-9) from the early 
Upper Cretaceous appear close to the argentinoids but 
are more advanced in the presence of a stegural and the 
loss of cellularity of the bone. While we cannot demon- 
strate the existance of an adipose fin, its presence is sug- 
gested by the anterior position of the dorsal. According 
to Patterson (1970), there are broad similarities between 
Gaudryeiia and Humbertia and some species of the genus 
Clupavus from the Upper Jurassic and Lower Cretaceous 
that have been assigned to the Leptolepidae, indicating 
the early divergence of the line leading to modern argen- 
tinoids. The salmonids are not known prior to the 
Tertiary. 


OSTARIOPHYSI 

The Ostariophysi have more than 6000 species, including 
the carp, goldfish, characoids, cyprinoids, and catfish. They 
constitute the majority of modern freshwater fish. Their 
origin apparently lies near the base of euteleost evolution, 
perhaps just prior to the emergence of the salmonids. Fink 
and Fink (1981) recently reviewed the relationships of the 
Ostariophysi. 

Four major groups are recognized in the modern fauna: 
Gonorynchiformes (milk fishes), Cypriniformes (carp, 
minnows, goldfish, suckers, and loaches), Characiformes 
(tetras and piranhas) and Siluriformes (catfish and gym- 
notid “eels”). This assemblage is unquestionably mono- 
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phyletic, united by a striking specialization of the anterior 
cervical vertebrae, ribs, and neural arches, which serve as 
a series of movgble units (termed the Weberian ossicles; 
Figure 7-10) that transmit vibrations from an anterior 
portion of the swim bladder to the inner ear. Physiological 
studies indicate that the Weberian ossicles serve to im- 
prove sensitivity to high-frequency sounds. 

The Ostariophysi are also unique in possessing spe- 
cial epidermal alarm cells that produce a substance which 
results in a fright reaction when a fish is injured. Other os- 
tariophysan fish in the vicinity, whether of the same spe- 
cies or not, immediately scatter and head for the bottom. 

The Gonorynchiformes, fusiform fish once placed 
with the Clupeiformes, show the lowest degree of devel- 
opment of the Weberian ossicles, but the rib of the third 
vertebra is expanded and associated with the anterior 
chamber of the swim bladder. This order is distinguished 
from other ostariophysans by the extensive joint between 
the exoccipital and neural arch one. Gonorynchiform fos- 
sils are known from the Lower Cretaceous, and modern 
genera occur as early as the Eocene. More advanced os- 
tariophysans have a fully developed Weberian apparatus 
and show several derived features of the caudal fin sup- 
ports. The earliest genus in which the Weberian apparatus 
is known in detail is C hanoideS from the Eocene of Monte 
Bolca, Italy (Patterson, 1984). This genus is considered 
to be a sister group of all the Recent ostariophysans. 

The Cypriniformes differ from most teleosts in hav- 
ing the majority of their species specialized as herbivores. 
The marginal teeth are lost, but the pharyngeal “jaws” 
form an effective grinding and crushing apparatus. They 
have a highly specialized mechanism that protrudes the 
jaws, as do the spiny teleosts, but it evolved separately in 



Figure 7-10. WEBERIAN APPARATUS. Specialized elements of cer- 
vical vertebrae and ribs that transmit vibrations from the swim bladder 
to the inner ear in osterophysian fish. From Fink and Fink, 1981. With 
permission from the Zoological Journal of the Limnean Society, Vol. 
72. Copyright 1981 by the Limnean Society of London. 
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the two groups (Alexander 1967b). Eighty percent of the 
species in the Cypriniformes are included in the Cyprin- 
idae. This family is common in North America, Africa, 
Europe, and Asia but is not present in South America. 
Members of this group are known as early as the Eocene, 
but most fossils are from the middle to late Tertiary and 
represent living genera. 

Characiforms, with at least 1000 species, have ra- 
diated most extensively in South America, making up nearly 
half the fish species in the Amazon Basin. There are 16 
families that show a wide diversity in body form and diet. 
We do not know of any Characiformes before the Eocene. 

There are approximately 3000 species of catfish (Sil- 
uroidei) in 31 families, three of which are primarily ma- 
rine. The group is characterized by having a spiny anterior 
ray on the pectoral fin, which is controlled by muscles 
and may be locked in an erect position. The group lacks 
true scales, but some species are covered with bony plates 
which gives them the appearance of heavily ossified os- 
tracoderms. Catfish have one or more pairs of barbels 
that are tactile and chemically sensitive. The earliest fossil 
catfish are late Cretaceous (Wenz, 1968), and the group 
was fairly diverse by the end of the Eocene (Lundberg, 
1975). 

The eel-like Gymnotoidei of Central and South 
America are closely related to the catfish. These fish gen- 
erate weak electrical currents from either nervous or mus- 
cular tissue that are used in navigation and intraspecific 
communication. This group has no fossil record. 

Neoteleosts 

We may include all euteleosts other than the sal- 

moniforms and ostariophysans in a single large as- 
semblage termed the neoteleosts, reviewed by Rosen (1973). 
Most are characterized by stiff fin spines and modifica- 
tions in the position of the pectoral and pelvic fins and 
body proportions that can be associated with advances 
in locomotor 1 patterns. Other, somewhat less highly ad- 
vanced teleosts, including several groups adapted to the 
extreme conditions of deep-sea life, are more difficult to 
classify. According to Rosen, these groups may be clas- 
sified with the more advanced neoteleosts based on the 
common presence of a specialized muscle, the retractor 
arcuum branchialium (RAB), that extends from the an- 
terior vertebrae and inserts variously on the pharyngo- 
branchials, epibranchials, and the upper pharyngeal tooth 
patches (Figure 7-11). Lauder and Liem (1983) call this 
muscle the retractor dorsalis (RD). It assists in prey ma- 
nipulation and swallowing. The RAB presumably evolved 
from the longitudinal esophageal musculature that is pres- 
ent, but poorly developed, in primitive teleosts. There is 
no trace of the RAB in ostariophysans or salmoniforms 
and the pharyngeal teeth are poorly developed in these 
fish. 
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Levatores 



Figure 7-11. THE RETRACTOR DORSALIS (OR RETRACTOR AR- 
CUUM BRANCHIALIUM — RAB) MUSCLE IN EUTELEOSTS. The 
diagram is simplified. Solid lines show position of bones during retrac- 
tion of the pharyngeal jaws. Bony elements in dotted lines represent 
positions during protraction. From Lauder and Liem, 1983. 

STOMIIFORMES 

The Stormiformes are the most primitive of modern fish 
that can be assigned to the neoteleost assemblage. They 
possess the retractor arcuum branchialium, but most fea- 
tures of their anatomy have led in the past to their as- 
signment to the salmoniform assemblage. The modern 
members of the group are all moderately to highly spe- 
cialized deep-sea fish — large-mouthed, voracious carni- 
vores. We recognize eight families that have such colorful 
names as hatchetfishes, viperfishes, and deep-sea scaly 
dragonfishes. The fossil record of undoubted stomiatoids 
extends only as far back as the Miocene. We find otoliths 
(ossifications within the inner ear) similar to those of mod- 
ern genera as early as the Eocene, which demonstrates the 
divergence of the highly specialized modern groups. They 
may have originated within the Cretaceous, but no specific 
affinities can be established on the basis of the current 
fossil evidence. Fink and Weitzman (1982) recently re- 
viewed the stomiiformes. They emphasize the structure of 
the photophores as being particularly important in dem- 
onstrating the monophyletic nature of this group. 

AULOPIFORMES 

l 

No stomiiforms are known from the Upper Cretaceous, 
but two other groups of primitive neoteleosts, the Myc- 
tophiformes and Aulopiformes, are common. They are 
represented today by a large assemblage of deep-sea fish. 
Rosen (1973) defines the Aulopiformes on the basis of 
unique pharyngobranchial characteristics. The second 
pharyngobranchial is greatly elongated posterolaterally, 
so that it extends away from the third pharyngobranchial. 
The uncinate process of the second epibranchial is drawn 
out to bridge the gap between its origin and its contact 
with the third pharyngobranchial. The Aulopiformes have 
a primitive RAB pattern, and they retain a toothed maxilla 
and supratemporal bones; the posttemporal fossa is not 


open dorsally, and the ural and preural centra are not 
fused. 

The living aulopiform fish are extremely varied in 
habits and body form. The modern Synodontidae (lizard 
fish) have an essentially salmonid body form with an elon- 
gate trunk and an adipose fin. The giganturids are deep- 
sea fish with an enormous gape, no pelvic fin, and an 
extremely elongate ventral lobe of the caudal fin. 

Numerous Cretaceous fossils described by Goody 
(1969) may be included among the Aulopiformes; most 
of these were once classified as myctophoids. These in- 
clude fish with essentially normal body proportions such 
a Phyla otocephalus (Figure 7-12), genera with greatly 
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Figure 7-12. CRETACEOUS TELEOSTS AT A LEVEL BETWEEN 
PRIMITIVE EUTELEOSTS AND SPINY TELEOSTS. Rosen (1973) in- 
cludes all five genera shown among the Aulopiformes. (a)d vi.i ■ 
phalus, about ■ 1 . <h) lchthyotringa, xl. (c) Betcetis^xL (d) Fury 
pholx^ x§. ( e ) SardimuSjj xj. From Goody, 19b9. 
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elongated heads included in the Family Ichthyotringidae, 
the Dercetidae, which have long narrow bodies, and the 
Enchodontidae, which have large heads and greatly elon- 
gated teeth. Rosen suggests that the Upper Cretaceous 
genus SanUniuff a primitive member of the Synodontidae 
differing only in details from the modern lizard fish, may 
represent the central stock of this assemblage. 

MYCTOPHIFORMES 

The next level of neoteleost evolution is exemplified by 
the myctophiforms, represented in the. Recent fauna by 
the families Myctophidae (lanternfishes) and Neoscope- 
lidae. These include about 150 modern species of small, 
deep-sea fish of relatively normal body proportions that 
undergo extensive vertical migration daily. The body bears 
numerous photophores that are capable of being pre- 
served in the fossils. Rosen (1973) defined the group on 
the basis of specialization of the pharyngeal dentition and 
musculature. The early myctophoids are primitive in the 
retention of an adipose fin but specialized in the exclusion 
of the maxilla from the gape. 

The Upper Cretaceous genus Sardimoideg is one of 
the earliest known forms that can definitely be assigned 
to the Myctophiformes. Nematonutttp (Figure 7-13<z), 
which is also from the Upper Cretaceohs, might be classi- 




Figure 7-13. (a) Nematonatus. An aulopiform, close to the ancestry 

of the myctophids, from the lower part of the Upper Cretaceous. Note 
the riblike epipleural and epineural bones, which are characteristic of 
primitive euteleosts. They are functionally replaced by zygopophyses in 
spiny teleosts. From Rosen and Patterson, 1969. Courtesy of the Library 
Sendees Department, American Museum of Natural History. ( b ) Sar- 
ditfyides crasstcaudus. a myctiphoid from the Upper Cretaceous, not 
unlike Recent neoscopelids. From Patterson, 1964. 


fied either with this group or with the Aulopiformes. It 
is advanced in the structure of the fin supports and in the 
configuration of the upper jaw. The first pectoral and 
pelvic fin rays are stout and closely segmented, approach- 
ing the condition of spiny teleosts. A few maxillary teeth 
are retained, but the well-developed articulation between 
the maxilla and premaxilla is comparable to that of prim- 
itive acanthopterygians and paracanthopterygians, al- 
though it is not as elaborate. The myctophoids were once 
placed in the Protacanthopterygii with the Salmoni- 
formes, but they are distinctly more advanced in the ini- 
tiation of spine development — a hallmark of advanced 
teleosts — as well as the specialization of the mouth parts 
and the presence of a well-developed retractor arcuum 
branchialium. Nelson (1984) unites the orders Aulopi- 
formes and Myctophiformes in the Scopelomorpha. 

I 

Spiny teleosts— 

THE AC ANTHOMORPH A 

Although the teleost level of evolution was reached 

by the end of the Triassic, the group only began to 
diversify significantly in the Upper Cretaceous, and the 
number of modern groups represented in the Mesozoic 
fossil record is still very small (Patterson, 1964). The ex- 
plosive radiation that led to the establishment of the mod- 
ern families is first evident in the early Cenozoic. This is 
dramatically demonstrated in the rich Eocene fauna from 
Monte Bolca in northern Italy that Blot (1969, 1984) 
recently reviewed. This radiation, which is comparable to 
that which occurred among placental mammals at about 
the same time, may have been related to global changes 
in climate and ecosystems that led to the extinction of 
most archaic actinopterygian groups. On the other hand, 
it may be attributed to anatomical and physiological changes 
in the teleosts themselves, highlighted by advances in the 
feeding and locomotor apparatus. Modern teleosts that 
resulted from this dramatic radiation are classified among 
the Acanthomorpha — the spiny teleosts. 

CHARACTERISTICS OF SPINY TELEOSTS 

Patterson (1964) outlined a series of changes in loco- 
motion, protection, and feeding that differentiate spiny 
teleosts from primitive euteleosts. The most pervasive ad- 
vances are in the locomotor system. 

Locomotion 

In primitive teleosts, swimming occurs by sinuous move- 
ments of the entire trunk. In neoteleosts, the trunk is short 
and rigid and nearly all the swimming force is concen- 
trated in rapid, large amplitude movements of the caudal 
fin. Stiffening of the trunk is assisted by the presence of 
zygapophyses, which functionally replace the intermus- 
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cular epineural and epipleural bones of more primitive 
teleosts. Muscles throughout the trunk are contracted, but 
nearly all the force is transmitted to the base of the tail 
by tendons. As a result of the more effective concentration 
of force, a large neoteleost such as the tuna can swim at 
speeds up to 70 kilometers per hour, compared with 5 
kilometers per hour in primitive teleosts such as the trout. 

In primitive spiny teleosts, there are only 24 or 25 
vertebrae, 10 precaudal and 14 or 15 caudals, whereas 
in the primitive teleost Elop ^ there are almost twice as 
many precaudal as caudal vertebrae. The body of typical 
spiny teleosts is deep and laterally compressed, which 
helps in turning and resisting rolling and facilitates lateral 
contraction of the trunk musculature. 

The posterior position of the anal fin and posterior 
portion of the dorsal fin counteract the thrust of the tail 
and reduce lateral undulation in the rear part of the body. 
The anterior portion of the dorsal fin functions most ef- 
fectively as a rudder when located anterior to the center 
of gravity. 

We can also see important changes in the position 
and function of the pectoral and pelvic fins. In primitive 
bony fish, the pectoral fins are low on the flank and serve 
as hydrofoils to lift the front of the body against the force 
of gravity. Thinning of the scales and the development of 
a homocercal tail in early teleosts reduced the importance 
of this function. In spiny teleosts, buoyancy is more ef- 
fectively controlled by a closed (physoclistous) swim blad- 
der and the pectoral fins are used primarily for braking 
and turning. In the primitive ventral position, the body 
would tend to somersault if the pectoral fins were sud- 
denly spread out as brakes. They assume a higher position 
on the flank in advanced teleosts that equalizes the force 
along the horizontal axis. 

The pelvic fins move forward in advanced teleosts (in 
some cases anterior to the pectorals) and become attached 
to the cleithrum. This anterior movement can be explained 
by the fins’ role in countering the tendency of the fish to 
rise in the water when the pectoral fins are extended as 
brakes. In the primitive posterior position, they would 
only lower the tail region. The anterior fin spine on the 
pelvic fins is controlled by strong muscles that affect the 
orientation of the entire fin. The number of soft rays is 
reduced to five. The shortening of the entire trunk places 
both the pelvic and pectoral fins close to the center of 
gravity. The structure of the caudal fin is also modified 
in higher teleosts. This modification occurs in different 
ways in two major groups and will be discussed sepa- 
rately. 

Protection 

The term spiny teleost refers to the fin spines that most 
members of this group possess. These are particularly 
conspicuous on the dorsal fin but also occur in the anal 
and paired fins. The stiff spines result from fusion of the 
two halves of primitively paired and jointed dermal fin 
rays into a median, unjointed structure. The spine loses 
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its flexibility and is effectively moved as a unit by muscles 
attached to its base. 

When fully elaborated, the spines serve a defensive 
function. The importance of the anterior fin spines in 
controlling the orientation of both the dorsal and pelvic 
fins suggests that selection may have acted first to modify 
the fin rays in relation to their role in locomotion. Ad- 
vanced teleosts also have spines extending from the op- 
erculum, preoperculum, lacrimal, and even from the in- 
dividual scales. These spines are in the form of comblike 
teeth on the posterior margin, which is why the scales are 
termed ctenoid. 

Feeding 

Feeding structures of all spiny teleosts are significantly 
modified from the pattern of salmoniform fish. Within 
the structural complex already considered, the attachment 
of the retractor arcuum branchialium to the pharyngo- 
branchials tends to shift anteriorly and centers on the 
third, rather than the fourth, pharyngobranchial. In ad- 
dition, the pharyngeal dentition is emphasized and the 
tooth patches that primitively occur on the palate and 
opposing hyoid elements are reduced. 

More conspicuously, the maxilla in all higher teleosts 
tends to lose its role as a tooth-bearing bone at the margin 
of the jaw and serves primarily as a lever manipulating 
the premaxilla. The tooth-bearing ramus of the premaxilla 
(which extends beneath the maxilla) lengthens to ap- 
proach the angle of the jaw. In spiny teleosts as a group, 
the premaxilla and maxilla function together to form a 
nearly circular mouth opening that facilitates suction feed- 
ing. The manner of manipulation of the maxilla and the 
structure and function of the premaxilla differ in two 
major living groups, the paracanthopterygians, including 
the cod and haddock, and the acanthopterygians, includ- 
ing most living species (Rosen and Patterson, 1969). 

In paracanthopterygians (Figure 7-14 a), the premax- 
illa moves relatively little and serves primarily as a pivot 
around which the maxilla rotates. There is little protru- 
sion. The posterior end of the maxilla is highly mobile 
and can swing anteriorly, so that the bone approaches a 
vertical orientation. In advanced paracanthopterygians, 
the movement of the maxilla is principally controlled by 
an internal portion of the adductor mandibulae, desig- 
nated Ai/3, which inserts far forward on the maxilla. The 
more posterior, external head of the adductor mandibu- 
lae, A], which is common in more primitive teleosts, is 
small or absent (however, primitive paracanthopterygians 
retain a fairly large Aj). The decreased mass of this muscle 
allows free movement of the posterior end of the maxilla. 

In acanthopterygians (Figure 7-146), the premaxilla 
moves anteriorly as the mouth is opened. This mobility 
results from a longitudinal twisting of the maxilla whereby 
a long internal process is rotated laterally and anteriorly 
as a cam. In acanthopterygians, the A^ is not an im- 
portant muscle, but the A l5 or external head of the ad- 
ductor mandibulae, is large and the posterior end of the 
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Figure 7-14. JAW MUSCULATURE OF SPINY TELEOSTS. (a) The 
paracanthopterygian Microgadus, or tomcod. From Rosen and Patter- 
son, 1 969. Courtesy of the Library Services Department, American Mu- 
seum of Natural History, (b) The acanthopterygian Epinephelus. From 
Schaeffer and Rosen, 1961. In the paracanthopterygian, the premaxilla 
protrudes only slightly, but the maxilla swings forward. In the acan- 
thopterygian, twisting of the maxilla causes the premaxilla to protrude. 
An internal process at the anterior end of the maxilla acts as a cam to 
move the ascending process forward. Abbreviations as follows: Aj, ex- 
ternal head of adductor mandibulae; Ai/3, internal portion of adductor 
mandibulae; Az, posterior portion of adductor mandibulae. 


maxilla cannot extend forward as much as in the para- 
canthopterygians. Protrusibility is important to capture 
and manipulate prey and also to maintain a low pressure 
within the oral cavity as the mouth begins to close. 

Caudal skeleton 

Researchers have used the structure of the caudal fin to 
distinguish teleosts from other neopterygians and eute- 
leosts from other teleosts. It may also be used to differ- 
entiate the major groups of spiny teleosts. We can see the 
primitive pattern in the Upper Cretaceous genus Ngggi- 
tmotus (Figure 7-15). It has a free second ural centrum, 
six hypurals, three epurals, and two uroneurals. The first 
ural and first preural centra are fused into a compound 
centrum carrying the first preural haemal arch as well as 
the two lower hypurals. 

This pattern is modified in different ways in acan- 
thopterygians and paracanthopterygians. In acanthopte- 
rygians, the second ural centrum is fused with the preced- 



Myctophiformes 


Figure 7-15. EVOLUTION OF THE CAUDAL SKELETON IN AD- 
VANCED NEOTELEOSTS. The arrows connecting the different pat- 
terns indicate possible structural changes, not phyletic lineages. The 
epurals are stippled, the second preural neural spine crest is black. The 
primitive configuration of the caudal skeleton is exhibited in the Myc- 
tophiformes. In the Paracanthopterygii, the most anterior epural fuses 
with the second preural neural spine crest. Further specializations in- 
volve the fusions of the hypurals into platelike elements. In the Acan- 
thopterygii, fusions occur between two preural vertebrae, of which one 
has a complete neural spine and the other has a reduced neural spine 
crest. The result of this fusion is a caudal skeleton configuration that 
converges with that of the Paracanthopterygii. Among more specialized 
Acanthopterygii, fusions of the hypurals result in the formation of hy- 
pural plates. From Lauder and Liem, 1983. 


ing compound centrum, and the number of hypurals is 
reduced to five. Three epurals are retained in the primitive 
state. In paracanthopterygians, the second ural centrum 
does not fuse with the more anterior caudal centrum but 
with the dorsal hypurals. The number of epurals is re- 
duced to two and there are 16 branched caudal fin rays. 

These caudal features are highly modified in spe- 
cialized genera and are not absolutely consistent within 
the two groups, but they do provide a relatively effective 
means of differentiating primitive lineages. 


Primitive 

ACANTHOMORPHS— 

THE CTENOTHRISSOIDS 

The ctenothrissoids, Ctenotbrissh (Figure 7-16) and 
Aulolepii, accompany the aulopiforms and mycto- 
phiforms in the early Upper Cretaceous (Cenomanian). 
The short, deep body of these fishes greatly resembles that 
of generalized acanthopterygians and primitive paracan- 
thopterygians. There are 29 to 35 vertebrae. The pectoral 
fins have moved far up the side of the shoulder region, 
and the pelvic fins have migrated forward to a position 
in the same transverse plane. As in primitive teleosts, there 
are still two supramaxillae, but the maxilla is excluded 
from the margin of the mouth. There are no true fin spines, 
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Figure 7-16. Ctmothassa q.i Cretaceous fish that closely approaches 
the structure of the spiny finned teleosts, x From Patterson, 1 964. 

but the scales are ctenoid. There is no adipose dorsal fin. 
The caudal fin retains six hypurals and three epurals. 
There is a large third pharyngobranchial. 

The ctenothrissoids have an anatomical pattern that 
could be ancestral to both major groups of spiny teleosts. 

Paracanthopterygians 

It has been thought that acanthopterygians and par- 
acanthopterygians evolved in parallel from a sal- 
moniform level and separately developed fin spines and 
complex protrusible mouthparts. But Rosen and Patter- 
son (1969) demonstrated that the earliest paracanthop- 
terygians closely resemble the early acanthopterygians and 
that they subsequently lost primitive acanthopterygian 
features. Apparently the groups diverged from each other 
at a level slightly advanced above that represented by the 
ctenothrissoids. The early paracanthopterygians appear 
later in the fossil record than the first acanthopterygians. 

We recognize approximately 30 families and 200 to 
250 genera of living paracanthopterygians. They are 
grouped in five orders (Percopsiformes, Gadiformes, Ba- 
trachoidiformes, Lophiiformes, and Gobiesociformes), most 
of which have fossil records dating from at least as early 
as the Eocene. Lauder and Liem (1983) point out that it 
is uncertain that these orders all share a single common 
ancestry since no unique derived characters have been 
recognized. 

Modern percopsiforms are entirely freshwater and 
include the pirate and trout “perch” and the blind cave 
fish [mhlyopsts. They resemble salmonids in their general 
body outline and the position of the pelvic fins and have 
a relatively small number of fin spines. Our knowledge 
of earlier percopsiforms indicates that these features result 
from a reversal of evolutionary trends. The ancestral gen- 
era had a greater number of spines and more anteriorly 


placed pelvic fins. Even the number of vertebrae appears 
to have increased between primitive and advanced Per- 
copsiformes. 

The earliest known and only Cretaceous paracan- 
thopterygian is the percopsiform Sphenocephaljts (Figure 
7-17) from the Campanian, near the end of the Upper 
Cretaceous. It greatly resembles the polymixioid beryci- 
forms (classified among the percomorph fishes) and sup- 
ports the close relationships of acanthopterygians and 
paracanthopterygians. It shows less specialization in cra- 
nial proportions than do later percopsiforms but has more 
medial fin spines and more fin rays in the pelvic fin. 

Such important commercial fish as the cod, haddock, 
and whiting belong to the Gadiformes. Members of this 
group tend to have elongate anal and dorsal fins, and the 
latter may be divided in two or three parts. The pelvic 
fins are usually anterior to the pectoral, but fin spines are 
very reduced. Eocene gadiforms closely resemble the early 
percopsids. 

The batrachoidiform lineage includes three orders of 
bottom dwelling and/or deep-sea fishes. In this assem- 
blage, the skull is greatly flattened so that the parasphen- 
oid either approaches or is sutured to the frontals. In some 
forms, the pelvic fins are modified for “walking” along 
the bottom. The Batrachoidiformes, or toad fishes, live at 
the bottom of shallow coastal waters. Some can move 
about on land and utter loud grunts and growls by use 
of the swim bladder. Only a single fossil is known, a 
Miocene member of the modern genus BMrachQides^ 

The Lophiiformes have 18 families, including some 
of the most striking deep-sea fish, the anglers (Figure 7- 
18). The European angler Lophiusj is known from the 
Eocene. Like other members of this group, the anterior 
dorsal fin ray is elongate and hangs over the mouth to 
serve as a lure to attract prey. This lure has the technical 
name illiciutn. They have wide skulls and mouths capable 
of engulfing large prey. In at least four families of deep 
sea anglers, the males are much smaller than the females. 
Following metamorphosis from a shallower water larval 
stage, the male attaches to the female and feeds from her 



^/Figure 7-17. Sphenocephalus fissicaucjujf from the Upper Cretaceous, 
the oldest fossil pamcantnopterypan7?rom Rosen and Patterson, 1969. 
Courtesy of the Library Services Department, American Museum of 
Natural History. 
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Figure 7-18. ANGLER FISH. ( a ) The living genus Lophius, which has 
fossil representatives from the Eocene, (b) The deep-sea angler Lino- 
phryne arborifer. From Gregory, 1951. Courtesy of the Library Services 
Department, American Museum of Natural History. 

bloodstream, which ensures he will never have to search 
for a mate in the dark and cold of the bottom of the sea. 
This reproductive strategy is unique among vertebrates. 

The Gobiesoci formes, or cling fish, are dorsoven- 
trally flattened, with the pelvic fin and surrounding tissue 
forming a ventral sucker to hold the fish in place in the 
fast-moving water of tidal zones and coastal streams. One 
genus, which is questionably associated with this group, 
has been described from the Miocene. 

Acanthopterygians 

The largest single group of teleosts are the acan- 
thopterygians, which include some 8000 living spe- 
cies. This group can be recognized by the elaboration of 
the mechanism for protruding the upper jaw. The devel- 
opment of a long, ascending process on the premaxilla 
facilitates its anterior extension. The pharyngeal jaws are 
also modified, with the retractor dorsalis (RAB) attaching 
principally or entirely on the third pharyngobranchial. 
The second and third epibranchials are enlarged for sup- 
port of the upper pharyngeal jaws. Acanthopterygians can 
be divided into two unequal groups, the athcrinomorphs 
and the percomorphs. Both have elaborated the capacity 


to protrude the upper jaws, but the mechanisms in the 
two groups are different (Alexander, 1967a, 1967b). 

ATHERINOMORPHA 

The Atherinomorpha is a heterogenous assemblage of ap- 
proximately 1000 genera that Rosen and Parcnti (1981) 
and Parenti (1981) group in 20 families. The mechanism 
for protruding the upper jaw differs from that of the other 
acanthopterygian fish in that the medial process of the 
maxilla does not articulate directly with the premaxilla 
but rather articulates with the median rostral cartilage 
that is linked to the premaxilla (Figure 7-19). The as- 
cending process of the atherinomorphs’ premaxilla has 
the unique ability to slide forward on the median rostral 
cartilage as the skin over the snout is pulled taut by the 
rotation of the maxilla. Alexander (1967b) thinks that it 
is likely that jaw protrusion evolved within the atherini- 
form fish rather than being a primitive characteristic of 
this assemblage, since the most primitive members of each 
of the major subgroups lack this capacity. The Atherino- 
morpha is also distinguished by the loss of infraorbital 
bones 3, 4 and 5 and the fourth pharyngobranchial, which 
are retained in primitive percomorphs. The killifishes (Cy- 
prinodontidae), silversides and grunions (Atherinidae), half- 
beaks (Hemiramphidae), marine flying fishes (Exocoeti- 
dae), and the guppies (Poeciliidae) are among the better- 
known atherinomorphs. Rosen and Parenti have defined 
each family on the basis of differences in the structure of 
the dorsal gill arches. 

There are fossil representatives of living genera of the 
families Atherinidae, Exocoetidae, and Hemiramphidae 
from the Eocene. 


(a) ( b ) 



Figure 7-19. JAW PROTRUSION IN SPINY TELEOSTS. (a) Perco- 
morph fish. ( b ) Atheriniformes. Snout regions in lateral and dorsal views. 
Cartilage is stippled. In Atheriniformes, the inner process of the maxilla 
articulates with the median ethmoid cartilage; in percomorphs, it artic- 
ulates directly with the premaxilla. Abbreviations as follows: cr, cran- 
ium; e, ethmoid bone; ler, ligament to cranium; Ipl, ligament to palatine; 
m, maxilla; pm, premaxilla; r, rostral cartilage. From Alexander, 1 967 b. 
By permission of the Zoological Society of London. 
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PERCOMORPHA 

Although we can define the Atherinomorpha and the 
Acanthopterygi as a whole on the basis of derived char- 
acters common to all the major subgroups, we cannot 
distinguish the percomorphs as readily. Some orders, in- 
cluding the Pleuronectiformes and Tetraodontiformes, can 
be clearly defined, but the great assemblage of perciform 
fishes (the most diverse and numerous of all vertebrate 
orders) and their primitive relatives are in need of general 
study to determine what monophyletic groups exist. The 
enormity of this assemblage makes any comprehensive 
revision extremely difficult. 

Primitive percomorphs 

According to Lauder and Liem (1983), three orders of 
percomorphs may have branched off the main stem prior 
to the appearance of the perciforms and their close rel- 
atives. These are the Lampridiformes, Gasterosteiformes, 
and Dactyopteriformes. We know the Gasterosteiformes 
from fossils as early as the Paleocene, but the other orders 
have a very limited fossil record. 

The Lampridiformes are mainly deep-water fish, of 
which the best known genus, the opah Lamprifc is known 
from the Miocene. This order also includes a bizarre as- 
semblage of deep-sea forms, most of which have no fossil 
record. Lampridiforms lack fin spines and have a unique 
mechanism of jaw protrusion in which the maxilla- slides 
in and out with the premaxilla rather than being attached 
to the ethmoid. Unlike other percomorphs, the pelvic gir- 
dle is not attached to the cleithrum. 

The fossil record is better known among the Gaster- 
osteiformes (encompassing the Syngnathiformes and Pe- 
gasiformes), many of which have large bony plates cov- 
ering much of the body. The Syngnathiformes, which in- 
clude the pipefish, sticklebacks, seahorses, and trumpet- 
fish, are characterized by long, narrow bodies. The sea 
moths have greatly expanded pectoral fins that enable 
them to glide over the bottom. As is typical of perco- 
morphs, the spinous and soft parts of the dorsal fin are 
separated (unless secondarily lost), and in some genera 
the pelvic girdle is attached to the cleithrum. 

In the Dactylopteriformes (flying Gurnard), the pec- 
toral fin is greatly expanded so that the fish can glide 
above the water like members of the Exocoetidae. They 
can also crawl along the bottom with their pelvic fins. No 
fossils are known, and we have no hint of the origin of 
the single genus within this order. 

The remaining percomorphs all appear to form a 
single vast assemblage that shares a common ancestry in 
the Upper Cretaceous. The earliest known and most prim- 
itive percomorphs are grouped in the order Beryciformes, 
which includes some 15 families, 11 of which are present 
in the modern fauna. The polymixiids, berycids, holocen- 
trids, and stephanoberycoids are particularly important 
beryciform groups (Figures 7-20 and 7-21). They resemble 
modern perciform fish in the anterior position of the pelvic 


fin, deep body, and the beginning of fin spines. Approx- 
imately 15 beryciform genera are known in the Upper 
Cretaceous. 

The beryciforms are defined primarily by primitive 
characters such as the retention of an orbitosphenoid. 
However, they have lost basibranchial and endopterygoid 
teeth. There are 18 or 19 fin rays in the tail, whereas more 
advanced forms never have more than 17. Three epurals 
are present. 

The beryciforms and perciforms probably share an 
immediate common ancestry that is characterized by the 
attachment of the pelvic to the pectoral girdle and the 
presence of one spine and five soft rays on the pelvic fin. 
Patterson (1964) argues that the similarities of the otoliths 
(ossification within the sacculus of the inner ear) in be- 
ryciforms and zeiforms support a common ancestry of 
these groups following the divergence of the perciforms. 
Zeiformes (dories and boarfish, which resemble the perch) 
appear in the fossil record in the Paleocene. They are 
specialized in the reduced number of vertebrae, deepening 
of the body, and loss of the orbitosphenoid, all of which 
are common tendencies among the percomorphs. 



pb 


Figure 7-20. SKULL OF THE CRETACEOUS BERYCIFORM BE- 
RYCOPSIS. Abbreviations as follows: arppm, articular process of pre- 
maxilla; asm, anterior supramaxilla; asppm, ascendary process of pre- 
maxilia; cl, cleithrum; dpcl, dorsal postcleithrum; hmx, articular head 
of maxilla; mx, maxilla; pb, pelvic bone; psm, posterior supramaxilla; 
pt, posttemporal; sc, foramen of sensory canal; scl, supracleithrum; soc, 
supraoccipital; st, supratemporal; vpcl, ventral postcleithrum. From Pat- 
terson, 1 964. 
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Figure 7-21. ADVANCED TELEOSTS FROM THE UPPER CRE- 
TACEOJJS. (a—e) Members of the order Beryciformes. (a and b) 
Beryco&s (English Chalk) and Omosoryn (Upper Senonian) family 
Polymixiidae. (c) PycnosleronU ■ jUpper Cenomanian), fan 
Pycnosteroididae. ( d and e) Haplopteryx^ (Upper Senonian) and 
; ; ' | (Lower Cenomanian), Trachithyidae. (/) Tseifati.i [Lower 
omanian), a possibje member of the Exocoetoidei within the Antheri- 
nomorpha. (g) Vrotria mtfQ (Lower Cenomanian), uncertain position, 
but possibly allied with the Gasterosteiformes. From Patterson, 1964. 


Lauder and Liem (1983) recognized several special- 
ized features that unite an assemblage including the most 
advanced of all the teleost fishes. The Perciformes, Scor- 
paeniformes, Tetraodontiformes, Pleuronectiformes, Syn- 
branchiformes, and Channiformes are all advanced over 
other acanthopterygians in the loss or fusion of the second 
ural centrum, reduction of the number of principal fin 
rays to 17, and the presence of 5 hypurals. 

Perciformes 

As currently classified, the Perciformes have the largest 
number of species of any vertebrate order (about 7800 
grouped in 150 families) and show the greatest amount 
of morphological diversity. Unfortunately, this assem- 
blage cannot be rigorously defined taxonomically. We 
cannot recognize a single derived character or combina- 
tion of characters that uniquely distinguishes the perci- 
forms. The Perciformes are probably not monophyletic 
but may have evolved from more than one lineage of 
acanthopterygians at the beryciform level. Perciforms are 
probably also paraphyletic, for they are generally thought 
to have given rise to several more specialized percomorph 
orders. 


The perciforms are currently understood as including 
all advanced acanthopterygians that do not belong to the 
orders Scorpaeniformes, Tetraodontiformes, Pleuronec- 
tiformes, Synbranchiformes, and Channiformes. As such, 
this assemblage includes some 20 suborders. The defini- 
tion of these suborders is also subject to dispute. Lauder 
and Liem (1983) discuss some of these problems. Nelson 
(1984) briefly describes and illustrates each of the subor- 
ders and families. 

Figure 7-24 shows a general view of perciform di- 
versification. The pattern of evolution of this assemblage 
is far different from that of their contemporaries among 
the mammals (see Chapters 20 and 21). Following a pe- 
riod of rapid adaptive radiation in the late Cretaceous 
and early Cenozoic, most mammalian groups show a 
gradual change in their morphology throughout the Ter- 
tiary. Many archaic groups have arisen and become ex- 
tinct, and the modern fauna appears only within the last 
10 million years. The percoid fish must have undergone 
a period of extremely rapid anatomical evolution in the 
late Cretaceous and early Cenozoic, because most of the 
groups have already achieved an essentially modern ap- 
pearance by the Eocene (Figures 7-22 to 24). Of the 20 
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Figure 7-22. PERCOMORPH FISH FROM THE UPPER PORTION 
OFJHE LOWER EOCENE OF MONTE BOLCA, ITALY, (a) jgg 
a beryciform closely related to the li ving genu s Holocen- 
trus.FromSorbic j and Tirapelle, 1975. {b-g)drfkmbers of the suborder 
Percoidei. (b) close to the livirig gen us Latss , family Centro-\ 

pomidae (snooks), From Sorbini, 197 fa. (c) Acropoma lepiJotusj, be- / 
longing to a modern genus of the famR y Acropo midae^ From Jjarbiar, 
1975b. ( d ) Mene rhomf^i, belonging to the only genus of the living 
family Menidae" from Blot, 1969. (e) Serbia pris&t belo nging to a 
modern genus in the family Carangidae. From Blot, 1969. (f) Psettop. is, . 
a member of the family Monodact ylidae, clo se to the living moonfish 
Psettias. From Blot, 1969. ( g ) Arcbaephipfil, a member of the family 
Ephippidae, close to the modern spadehdii ;. From Blot, 1 969. This and 
the following figure demonstrate the great range of variability within 
the suborders Percoidei as well as the early establishment of modern 
genera. 


? 


suborders, 6 have no fossil record, but these include only 
14 of the 1367 living genera. Of the remaining 14 sub- 
orders, 11 are represented by living genera in the Paleo- 
cene or Eocene, and the others are first represented by 
living genera by the Oligocene or the Miocene. Examples 
of modern genera present in the early Tertiary include 
such highly specialized fish as the tuna, swordfish, bar- 
racudas, anglefish, remoras, as well as the common perch. 
Only one or two families have been described that lack 
living representatives. 

One may see this pattern as indicative of the slow 
rate of morphological change since the early Tertiary, but 
one can also look at it as evidence of very rapid evolution 
from primitive acanthopterygians in the late Mesozoic 
and early Cenozoic. 

Only about 20 million years is available for the es- 
sentially modern and enormously diverse percomorph fauna 
to evolve from the beryciforms of the late Cretaceous. On 
the other hand, if beryciforms and perciforms are repre- 
sentatives of a single radiation, the differentiation of the 


modern “percomorph” lineages may have begun as early 
as the beginning of the Upper Cretaceous. This would 
allow perhaps 50 million years for the “modern” genera 
to evolve from primitive, spiny finned fishes. 

“PERCIFORM” DERIVATIVES 

The remaining percomorph orders are thought to have 
diverged from the perciform assemblage. Each is highly 
specialized and readily defined. One lineage is made up 
of two very small orders, the Channiformes (snakeheads), 
with one modern genus also known from Pliocene fossils, 
and the Synbrachiformes, the swamp eels and rice eels, 
with four living genera but no fossil record. Both show a 
peculiar specialization of the brain — fusion of the fore- 
brain hemispheres — and modification of the circulatory 
system associated with air breathing. Specific ancestry of 
these orders within the perciform assemblage has not been 
established. 
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Figure 7-23. PERCOMORPH FISH FROM MONTE BOLCA. (a) Scafoftkrgt" fronuilq, belonging to a 
modern genus of the family Scatophagidae. From Blot, 1969. ( b ) Exetlia,j the only member of the Eocene 
family Exellidae, suborder Percoidei. From Blot, 1969. ( c ) Eozanclus, closely related to the modern moorish 
idol Zanclus, suborder Acanthuroidei. From Blot and Voruz, 1975. (d)(Eo/actor%. Vnicmber of the family 
Ostraciojitidae, within the order Plectognathi. From Tyler, 1975a. ( e ) Eoptt'cWS; d. member of the family 
Triacanthodidae, within the order Plectognathi. From Tyler, 1975b. 




T etraodontiformes 

The Tetraodontiformes (Plectognathi) are much more di- 
verse. They include such well-known forms as puffers, 
porcupine fish, boxfish, filefishes, and sunfish. We rec- 
ognize more than 300 species that are grouped in 8 fam- 
ilies, all but one of which are represented by fossils from 
the Eocene (Figure 7-23). All have rounded bodies. The 
scales are usually modified as spines or plates. The hy- 
omandibular and palatine are fused to the skull to support 
the heavy teeth, and the maxilla and premaxilla are solidly 
attached to one another. They are further characterized 
by the loss of the suborbital bones, parietals, and nasals. 
They may have evolved from the Acanthuroidei within 
the perciforms (Patterson 1964), but even the early Eocene 
tetraodontiforms look modern and have no obvious af- 
finities with other groups. 


Pleuronectiformes 

Flat fish — flounders, sole, and halibut — are grouped in 
the order Pleuronectiformes. They are unique among ver- 
tebrates in having both eyes on one side of the head, a 
condition achieved during development from larvae that 
have symmetrical, laterally compressed bodies. The dorsal 
fin is extremely long; in all but one family it extends onto 
the head. The dorsal, anal, and pelvic spines are pro- 
gressively lost within the group. Most of the eight families 
are known from Eocene fossils, including genera such as 
and Rotluti that are living today. Only 15 of the 
approximately 117 living genera are known from fossils, 
but most extend back to the early Tertiary. Only nine 
fossil genera have been described that are not represented 
by living species. This evidence strongly supports the no- 
tion that flat fish, like other percomorph groups, under- 


Figure 7-24. DIVERSITY AND LONGEVITY OF THE PERCIFORM SUBORDERS. All the fish illustrated 
are living genera; their vertical position has no significance. The Percoidei is the largest group, with 72 families. 
Only the infraorders Icostedidei, Schindlerioidei, Kurtoidei, and Luciocephaloidei have no fossil record. In- 
dividual fish redrawn from Fishes of the World by T.S. Nelson (1984). Copyright © 1976. By permission of 
John Wiley & Sons, Inc. 
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TELEOSTEI 


EUTELEOSTEI 



Figure 7-25. PHYLOGENY OF THE TELEOSTEI. Taxa known only 
from fossils are indicated with a dagger. The characters are: (1) presence 
of an endoskeletal basihyal; (2) four pharyngobranchials; (3) three hy- 
pobranchials present; (4) medial toothplates overlay basibranchial and 
basihyal cartilages; (5) two uroneurals extend anteriorly over the second 
ural centrum; (6) epipleural intermuscular bones developed throughout 
the abdominal and anterior caudal regions; (7) retroarticular bone ex- 
cluded from the quadratomandibular joint surface; (8) toothplates fused 
with endoskeletal gill arch elements; (9) neural arch on ural centrum 
one reduced or absent; (10) articular bone coossified with the angular; 
(11) presence of an adipose fin; (12) presence of nuptial tubercles; (13) 
presence of an anterior membraneous outgrowth of the first uroneural 
that does not meet its antimere in the midline; (14) presence of a retractor 
dorsalis muscle; (15) a rostral cartilage; (16) tooth attachment to bone 
is Type 4; (17) Aw division of adductor mandibulae has a posterior 
tendinous insertion on the quadrate, preoperculum, or operculum; (18) 
reduction of second preural neural spine to a half spine; (19) retractor 

went one basic radiation in the earliest Tertiary with very 
rapid establishment of essentially modern body plans. 

The specific origin of this group remains unknown. 
Amaoka (1969) suggests that they may have evolved from 
more than a single percoid lineage. 

Scorpaeniformes 

Scorpaeniformes include the stonefish, sculpins, searob- 
ins, and approximately 1000 additional species. Their 
ancestry remains unknown and the interrelationships of 


dorsalis with a tendinous insertion on the third pharyngobranchial; (20) 
loss of the primitive mandibulohyoid ligament and the presence instead 
of an interoperculo-hyoid ligament; (21) fusion of a toothplate to the 
third epibranchial. (In 1973, Rosen listed several additional characters 
at this level, but these have been studied in more detail and are not 
found to be uniquely derived features); (22) pharyngohyoideus (the 
primitive teleostean rectus communis) inserts on the urohyal; (23) re- 
duction or loss of pharyngobranchial four and the main insertion of the 
retractor dorsalis onto the third pharyngobranchial; (24) the presence 
of well-developed ctenoid scales (however, ctenoid scales are also present 
in more primitive clades); (25) expansion of ascending and articular 
premaxillary processes. This level on the cladogram is not well defined. 
(26) insertion of the retractor dorsalis onto the third pharyngobranchial 
only, and enlargement of epibranchials two and three. Various other 
features of the upper jaw mechanism are discussed by Rosen (1973, 
1 982) but none are unique to the Acanthopterygii and this group remains 
poorly defined. From Lauder and Liem, 1983. 

the 21 constituent families are uncertain. Members of this 
order have a narrow process from the third circumorbital 
bone that extends across the cheek to the premaxilla and 
two platelike hypurals. There are four suborders, two of 
which are represented by modern genera as early as the 
Eocene. In many genera, the dorsal, anal, and pelvic spines 
carry dangerous toxins. The genus has 100 spe- 

cies which bear live young. 

Figure 7-25 is a cladogram that summarizes the re- 
lationships among the Teleostei. 
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Summary 

Most of the 20,000 species of modern bony fish be- 
long to a single taxonomic group, the Teleostei, which 
is first recognized in the late Triassic. The earliest teleosts, 
the pholidophorids and leptolepids, are distinguished from 
more primitive neopterygians by derived features of the 
jaws and braincase that presumably improved their ca- 
pacity to capture and manipulate prey and by changes in 
the caudal fin that led to more effective locomotion. 

The ancestry of all advanced teleost groups may be 
traced to the late Triassic and Jurassic leptolepids, which 
were small fish that resemble modern plankton feeders. 
Teleosts are divided into five major groups whose origins 
can be separately traced to the leptolepid assemblage. The 
Ichthyodectiformes are typified by large predatory genera. 
They are limited to the Mesozoic. The osteoglossomorphs, 
elopomorphs, and clupeomorphs evolved from progres- 
sively more advanced leptolepids. 

More advanced teleosts, the euteleosts, which first 
appear at the base of the Upper Cretaceous, share a com- 
mon ancestry with the clupeomorphs. Like the modern 
salmonids, the most primitive euteleosts have relatively 
long bodies, a second adipose dorsal fin, and a caudal fin 
possessing a stegural. The Ostariophysi and Salmoni- 
formes shared a close common ancestry with the more 
advanced neoteleosts. 

Neoteleosts are characterized by changes in fin po- 
sition and body form and by elaboration of the pharyngeal 
region for crushing and manipulating prey. They possess 
a large muscle, the retractor arcuum branchialium, that 
mns from the anterior vertebrae to the dorsal elements 
of the pharyngeal apparatus. Stomiiformes, Aulopiformes 
and Myctophiformes are the most primitive teleosts in 
which this muscle is developed. They were common nec- 
tonic fish in the early Cretaceous, but their living de- 
scendants are primarily deep-sea forms. 

The Myctophiformes may include the ancestors of 
the most advanced teleosts, the Acanthomorpha or spiny 
teleosts, which are characterized by the elaboration of 
spiny fin rays and ctenoid scales. The Acanthomorpha 
represent the culmination of a series of trends among the 
teleosts toward improved locomotion. In the central stock 
of higher teleosts, the body is laterally compressed and 
has fewer trunk vertebrae. The tail produces most of the 
propulsive force, and the trunk is nearly rigid. The pec- 
toral fins are high on the shoulder, and the pelvic fins 
have moved anteriorly and are attached to the cleithrum. 

The vast assemblage of higher teleosts radiated from 
the primitive Acanthomorpha, which are represented in 
the early Upper Cretaceous by the ctenothrissoids. The 
great adaptive radiation of the group may have resulted 
largely from tfteir improved capacity to capture and ma- 
nipulate prey. Most members of this assemblage can pro- 
trude their jaws to maintain reduced pressure as the or- 
opharyngeal chamber is closed. The paracanthopterygians, 


which are represented by the cod, can move the maxilla 
extensively, but the premaxilla remains relatively immo- 
bile. In the acanthopterygians, the premaxilla protrudes 
as a result of the rotation of a camlike process of the 
maxilla. Atherinomorphs have separately evolved the ca- 
pacity to protrude the premaxilla. They have a cam that 
moves the median rostral cartilage, rather than being at- 
tached directly to the premaxilla. 

Most acanthopterygians belong to a single assem- 
blage, the Percomorpha. This group is represented early 
in the Upper Cretaceous by the beryciforms, which may 
constitute a primitive grade of evolution within a larger 
assemblage that includes the perciform fishes and their 
derivatives. Most of the modern percomorph families are 
known from the early Cenozoic, and numerous living 
genera are represented in the Eocene. This vast assemblage 
apparently evolved relatively rapidly during the Upper 
Cretaceous and Paleocene and had achieved a modern 
appearance by the Eocene. 
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Sarcopterygian Fish 


The anatomy of 

LOBE-FINNED FISH 

In their great numbers and degree of anatomical di- 
versity, the modern ray-finned fishes may be consid- 
ered the most successful of all vertebrates. In contrast, the 
lobe-finned fishes are today reduced to only four genera. 
However, sarcopterygians are of great phylogenetic 
importance, since they include the ancestors of all land 
vertebrates. 

We recognize three major groups of lobe-finned fishes: 
the lungfish and coelacanths, which are present in the 
modern fauna, and the Paleozoic rhipidistians. Lungfish 
and rhipidistians are known from the earliest Devonian, 
and the coelacanths (also known as Actinistia) appear in 
the middle Devonian. Rhipidistians and coelacanths are 
classified as separate suborders of the order Crossopter- 
ygii. Lungfish are placed in a distinct order, the Dipnoi. 
Fossils of early sarcopterygians are found in both fresh- 
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water and marine sediments, but both rhipidistians and 
Dipnoi were most common in shallow freshwater where 
the presence of lungs may have been especially important. 

The modern lungfish and coelacanths are highly spe- 
cialized derivatives of groups that were common in the 
Paleozoic and early Mesozoic. The early members of these 
groups were much more similar to one another and to 
the Paleozoic rhipidistians than are the living genera; the 
crossopterygians and Dipnoi probably shared a common 
ancestry in the late Silurian. 

Like the chondrosteans, early lungfish and rhipidis- 
tians were elongate, fusiform fish with heavy rhomboidal 
scales. The sarcopterygians were generally larger, and the 
histology of their scales and dermal bones differed sig- 
nificantly. Other features that are common to the early 
sarcopterygians and distinguish them clearly from the early 
ray-finned fish include the presence of two dorsal fins, 
fleshy lobed fins, and an epichordal lobe in the caudal fin. 

The muscular nature of the fins in sarcopterygians is 
a specialization relative to other groups of jawed fish that 
may have evolved as an adaptation to life on or near the 
bottom where they could be used to push against the 
substrate or obstacles. The presence of an epichordal lobe 
of the caudal fin may be a retention of a more primitive 
stage than we find in early chondrosteans if, as suggested 
by the condition in early heterostracans, a diphycercal tail 
is primitive for vertebrates. 

A particularly important feature that is common to 
early dipnoans and crossopterygians is the presence of a 
special sensory system associated with the superficial lay- 
ers of the dermal skeleton. A material termed cosmine 
covers the spongy and laminar bone of the skull and scales 
in early rhipidistians and Dipnoi. Cosmine, which Thom- 
son (1975, 1977) described in detail, is a complex of bony 
and soft tissues including a layer of dentine that encloses 
a mosaic pore-canal system consisting of flask-shaped pore- 
cavities and a complicated network of interconnecting 
canals (Figure 8M). The dentine and pore-canal system 
are covered with an enamel layer pierced by small sensory 
pores. The flask-shaped pore-cavities resemble the am- 
pullary canals of Lorenzini in sharks and the ampullary 
and tuberous organs in teleosts. Thomson (1977) suggests 
that they contain comparable sensory organs. In the mod- 
ern groups, these organs are electroreceptive and are used 
to locate prey and avoid predators and obstacles in water 
where vision is limited (Boord and Campbell, 1977). In 
sharks and teleosts, the sensory system is supported by 
soft tissue rather than bone. The importance of these sen- 
sory structures in early sarcopterygians may indicate an 
early adaptation toward life in deep or turbid waters. The 
relatively small size of the orbits and the large olfactory 
sacs in early lungfish and rhipidistians, (compared with 
those of early chondrosteans) reinforces this notion. 

The cosmine layer that includes these sensory struc- 
tures covers not only the scales and surface of the indi- 
vidual dermal bones of the head and shoulder girdle but 
may extend across the sutures between the skull bones to 





Figure 8-1. (a) The dermal exoskeleton of the rhipidistian Megali- 

chthys showing the superficial cosmine layer, including the pore-canal 
system. From Moy-Thomas and Miles, 1971. By permission from Chap- 
man and Hall, Ltd. ( b ) Greatly enlarged restoration of segments of the 
pore-canal system of the lungfish Dipterus and the rhipidistian Ecto- 
steorhachis. Similar structures supported by soft tissues in modern sharks 
and teleosts are electrosensitive. From Thomson, 1975. 

form an unbroken covering. It would be difficult for nor- 
mal growth to have occurred at the margins of the dermal 
bones that lay beneath this continuous layer. According 
to Thomson (1975), growth was accomplished during 
periods of resorption of the cosmine. These periods are 
well documented in the fossil record of both dipnoans 
and rhipidistians. Cosmine may constitute up to 10 per- 
cent of the calcified tissue of the body; its resorption and 
redeposition must have required a major metabolic effort 
in these sarcopterygians. Cosmine is reduced in several 
groups of later rhipidistians, completely lost in modern 
lungfish, and is not known in any coelacanths. The pres- 
ence of organs sensitive to electrical currents in divergent 
groups of modern fish and the occurrence of a similar 
pore-canal system in some ostracoderms suggest that this 
sensory faculty may have been a widespread heritage among 
fish. Although it is not unique to sarcopterygians, the 
pore-canal system is greatly emphasized within this group. 

Similarities of the postcranial anatomy and the com- 
mon presence of cosmine suggest that crossopterygians 
and dipnoans share a common ancestry separate from 
that of actinopterygians. In contrast, the pattern of the 
dermal bones of the skull, the structure of the braincase, 
and the configuration of the jaw musculature are strik- 
ingly different in these two sarcopterygian groups. 

No fossils are known of an immediate common 
ancestor that might have given rise to crossopterygians 
and Dipnoi, nor are any actinopterygian fish known by 
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more than isolated scales prior to the appearance of sar- 
copterygians. The broad similarities in the relationship 
between the braincase and the endoskeletal jaw supports 
and the probable position of the main jaw-closing muscles 
in primitive sharks, acanthodians, and actinopterygians 
suggest that this pattern is primitive for jawed fish (other 
than placoderms). Both lungfish and rhipidistians show 
marked specializations that exemplify different ways of 
accommodating a greater mass of muscles to close the 
mouth than we have seen in early actinopterygians. 

In primitive actinopterygians, the adductor chamber 
is small and enclosed dorsally by the palatoquadrate and 
the dermal bones of the cheek (Figure 8-2 a). Among early 
crossopterygian fish, the adductor chamber remains closed 
dorsally and mobility between the braincase, palate, hy- 
omandibular, and cheek is retained (Figure 8-2 b). How- 


(a) Adductor 



Subcephalic 

muscle 



Figure 8-2. SPECIALIZATIONS OF THE JAW MUSCULATURE IN 
SARCOPTERYGIAN FISH, (a) The adductor jaw musculature in a 
primitive actinopterygian fish, which may represent the pattern ancestral 
to lobe-finned fish. The adductor chamber is small and enclosed, with 
little space for the jaw-closing musculature. Modified from Schaeffer 
and Rosen, 1961. ( b ) The rhipidistian fish Ectosteorhachis^m which 
the subcephalic muscle links the anterior and posterior units of the 
braincase. Contraction of this muscle lowers the front of the skull and 
pulls the large teeth of the palate and the marginal dentition of the 
maxilla and premaxilla down on the prey. The amount of movement is 
not great, but the added strength of this muscle could drive the teeth 
through the thick scaly covering of primitive fish .Modified from Thom- 
son, 1967. (c) The Devonian lungfish Ghirodipterug ) in which the ad- 
ductor chamber has greatly expanded above the braincase. The jaw 
articulation is well anterior to the occiput, and the palatoquadrate is 
fused to the braincase so that the muscles can exert a very great force 
on the jaws. Based on Miles, 1977. 


ever, the configuration of the braincase is strikingly dif- 
ferent than in actinopterygians. Instead of being a single, 
essentially unitary structure, it is divided into two parts 
that articulate with one another. This pattern has long 
been recognized in Paleozoic rhipidistians, but its function 
only became clear with the discovery of the modern coel- 
acanth, in which the soft anatomy could be studied. In 
the living genus, a pair of subcephalic muscles extends 
from the posterior (otico-occipital) unit of the braincase 
to the anterior (ethmoid) unit. Since the front part of the 
braincase is attached to the palate and marginal bones 
bearing the dentition, contraction of this muscle forces 
the teeth down into the prey. Thomson (1967) described 
the function of this system in both coelacanths and rhip- 
idistians. 

Elaboration of this feeding apparatus may have been 
particularly important in feeding on the heavily armored 
bony fish of the Paleozoic. From the Devonian into the 
early Permian, the rhipidistians are among the most im- 
portant freshwater predators. 

Similarities in the relationship between the palate, 
cheek, and operculum in primitive actinopterygians and 
rhipidistians may explain the similar patterns of the der- 
mal bones covering these areas (see Figures 6-13 and 
8-3). 

We may attribute the much different pattern of the 
dermal bones in lungfish (see Figures 8-15 and 8-16) to 
a radical reorganization of the adductor jaw musculature. 
Even among the earliest lungfish, the adductor chamber 
opened dorsally so that the jaw musculature could spread 
medially over the braincase toward the mid line (see Fig- 
ures 8-2c and 8-15c). We may associate the great increase 
in the jaw musculature with the fusion of the palato- 
quadrate to the braincase to form a holostylic jaw sus- 
pension. The capacity for lateral expansion of the cheek, 
which is common to rhipidistians and actinopterygians, 
is absent in Dipnoi. The dermal bones of the cheek do 
not have a specific role in forming the adductor chamber 
and so lack the consistent pattern seen in actinopterygians 
and rhipidistians. The palatal dentition is emphasized, and 
most lungfish lack marginal teeth, which probably ac- 
counts for their lack of marginal jaw bones comparable 
with the maxilla and premaxilla. The highly specialized 
pattern of both the dermal and endoskeletal elements of 
the skull that is characteristic of most Dipnoi evolved soon 
after the group first appeared in the early Devonian; es- 
sentially the same configuration is retained in the living 
lungfish. 

Rhipidistians 

Rhipidistians were the dominant freshwater preda- 
tors among the bony fish during the late Paleozoic. 
They became extinct by the end of the Lower Permian, 
but sometime in the Devonian they gave rise to the am- 




CHAPTER VIII 


139 


phibians. They are divided into two major groups, the 
Porolepiformes, which appear at the very base of the De- 
vonian and continue to the end of that period, and the 
Osteolepiformes, which appear in the middle Devonian 
and survive into the early Permian. These groups probably 
diverged from a common ancestor in the late Silurian. 

Many specializations of the rhipidistians may be at- 
tributed to adaptation to a predatory way of life in shal- 
low water. We will discuss their anatomy in considerable 
detail since this group shows a pattern that is basic to 
that of primitive tetrapods. 

SKULL 

Externally, the skull of rhipidistians resembles that of 
early actinopterygians in its general features. The cheek 
and operculum are movable relative to the skull roof, and 
the dermal shoulder girdle appears as an extension of the 
skull. A major difference is that the bones of the skull 


roof hinge on one another above the division between the 
anterior and posterior units of the braincase, except in 
the early genus Rouachthyg (Figure 8-4 a). 

The pattern of dermal bones in osteolepiform rhip- 
idistians such as teustbenopter-On (Figure 8-3) is very sim- 
ilar to that of early amphibians (see Figure 9-3), and the 
names correspond very closely. The names of the bones 
in actinopterygian fish are mostly based on those of te- 
trapods as well, but the homology of the elements is more 
questionable. A major difference in terminology involves 
the bones between the orbits that border the pineal open- 
ing. They are typically termed “frontals” in actinopter- 
ygians but “parietals” in rhipidistians. Anterior to the 
parietals in rhipidistians, the snout is made up of a mosaic 
of small bones that occupy the position of the rostrals in 
actinopterygians. Lateral to the parietals in the rhipidis- 
tians are the pre- and postfrontals. The posterior border 
of the parietals and the intertemporals articulate with the 
more posterior portion of the skull roof formed by the 
postparietals, supratemporals, and tabulars. Behind them, 



Figure 8-3. THE SKULL OF THE OSTEOLEPIFORM RHIPIDISTIAN EUSTHENOPJER OH (a) Lateral, ( b ) dorsal, and 
(c) palatal views. ( d ) Braincase in lateral view, xj. Abbreviations (which will be used extensively for tetrapods) as follows: 
a, angular; ano, anocleithrum; art, articular; at, anterior tectal; bo, basioccipital; bs, basisphenoid; cl, clavicle; clei, cleithrum; 
cor, coronoid; d, dentary; ect, ectopterygoid; eo, exoccipital; ept, epipterygoid; esl, lateral extrascapular; esm, medial ex- 
trascapular; f, frontal; gul, gular plate; ina, internasal; inf, interfrontal; it, intertemporal; j, jugal; 1, lacrimal; lr, lateral rostral; 
m, maxilla; n, nasal; o, opercular; opis, opisthotic; p, parietal; pal, palatine; part, prearticular; pf, postfrontal; pm, premaxilla; 
po, postorbital; pop, preopercular; pos, postspiracular; pot, posttemporal; pp, postparietal; prf, prefrontal; pro, prootic; ps, 
parasphenoid; pt, pterygoid; ptf, posttemporal fossa; q, quadrate; qj, quadratojugal; sa, surangular; sclei, supracleithrum; 
sm, septomaxilla; so, supraoccipital; sop, subopercular; sp, splenial; sph, sphenethmoid; spp, postsplenial; sq, squamosal; 
st, supratemporal; subm, submandibular (includes also the more anterior plates in this series); t, tabular; v, vomer; I— XII, 
cranial nerves. From Moy-Thomas and Miles, 1971, after jarvik. By permission from Chapman and Hall, Ltd. 
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Figure 8-4. DERMAL SKULL ROOF OF RHIPIDISTIAN FISH. ( a ) 
Powichthys, early Devonian, x lj. prom Jessen, 1980. (b and c) The 
Porolepiformes Porolepis and Holoptychius from the Lower and Upper 
Devonian. Prom Jarvik, 1 9 72. id and e) The Osteolepiformes Osteolepis 
and Panderichthys, from the Middle Devonian, id) Prom Jarvik, 1972 
and (e) Prom Vorobyeva, 1977, respectively. Abbreviations as in Figure 
8-3, plus: el, extratemporal; psp, prespiracular. Powichthys differs from 
all other rhipidistians in lacking a break in the skull roof between the 
parietal and the postparietal above the fissure between the anterior and 
posterior elements of the braincase. The series of small bones above the 
orbits vaguely resembles those in lungfish. The Upper Devonian genus 
Eusthenopteron , not the lower Devonian porolepiforms, shows the greatest 
similarity to the pattern of dermal bones of early actinopterygians. 


the extrascapulars are linked to the posttemporal and 
supracleithrum of the dermal shoulder girdle, as in actin- 
opterygians. 

The cheek in rhipidistians resembles that of actin- 
opterygians, except for the large size of the quadrotojugal 
and the presence of two or more centers of ossification, 
including a large squamosal, in the area occupied by the 
preopercular in actinopterygians (Figure 8-5). 

The orbit is surrounded by up to 30 sclerotic plates, 
which is similar to the number in amphibians but in con- 
trast to the situation in actinopterygians, in which there 
are usually only four. 

As in actinopterygians, the principal bones making 
up the operculum are termed the opercular and the sub- 
opercular. Extending forward and between the jaws are 
bones that are roughly equivalent to the branchiostegal 
rays and gulars, although their particular configuration 
differs among the rhipidistian genera. The structure and 
function of the dermal shoulder girdle are comparable in 


the two groups, although rhipidistians have an additional 
medial element, the interclavicle. 

The pattern of the rhipidistian palate is broadly com- 
parable to that of primitive actinopterygians, except for 
the very important presence of a choana, or internal naris. 
It lies medial to the suture separating the premaxilla and 
maxilla and is bordered on the palatal surface by the 
vomer and palatine. Rosen, Forey, Gardiner, and Patter- 
son (1981) suggest that this opening could not function 
as an internal nostril, in part because the margins of the 
premaxilla and maxilla serve as a joint associated with 
the lateral expansion of the cheek. The arrangement of 
the bones surrounding the opening is otherwise nearly 
identical in ostcolepiform rhipidistians and amphibians 
(see Chapter 9). We are justified in thinking that it served 
as an air passage in both groups. Posterior to the palatine 
is the ectopterygoid. Most of the palatal surface is com- 
posed of the pterygoids, which sheath the surface of the 
palatoquadrates. They surround the subtemporal fenes- 



CHAPTER VIII 


141 


\ 




Figure 8-5. LATERAL VIEW OF THE SKULLS OF POROLEPIS 
AND l!<'' i iPTYCHIlif. The cheek region and operculum generally 
resemble those of the early actinopterygians but are very distinct from 
those of lungfish (see Figure 8-15). Abbreviations as in Figures 8-3 and 
8-4, plus: br, branchiostegal rays; pom, preoperculosubmandibular. From 
jarvik, 1972. 

trae, through which the adductor jaw muscles emerge, 
and extend anteriorly nearly to the choanae. As*in prim- 
itive actinopterygians, the parasphenoid covers the ventral 
surface of the sphenethmoid from between the vomers 
anteriorly to the level of the ventral cranial fissure pos- 
teriorly. It is pierced by the buccohypophyseal canal. Paired 
parotic plates underlie the posterior portion of the brain- 
case as they do in early actinopterygians. 

All three of the marginal bones of the palate — the 
vomer, palatine, and ectopterygoid — bear large teeth. Like 
the marginal teeth, they are replaced rapidly, and a con- 
spicuous pit usually lies adjacent to each fang where a 
tooth has been lost. Primitive labyrinthodont amphibians 
retain a similar pattern. In addition to the large fangs, a 
row of small teeth is present on the margin of the lateral 
palatal bones just medial to the marginal dentition. 

As in the early actinopterygians, Meckel’s cartilage 
is largely supplanted by the dermal bones of the lower 


jaw, principally the tooth-bearing dentary. The ventral 
surface of the lower jaw is formed by a series of smaller 
bones, termed from back to front: surangular, angular, 
postsplenial, and splenial. Medially, the surface is com- 
pleted by the large prearticular and a series of coronoids 
just medial to the marginal dentition that, like the ecto- 
pterygoid, palatine, and vomer, bear large fangs. 

The teeth of rhipidistians are characterized by com- 
plex folding of the dentine. When seen in cross-section 
(Figure 8-6) the infolding makes the teeth appear like a 
maze, which is why we call these teeth labyrinthodont. 
This pattern is retained in many groups of primitive 
tetrapods. 

We have noted that the braincase in rhipidistians (and 
the related coelacanths) is ossified in two large units in 
relation to the specialized feeding mechanism. We can 
infer that this division resulted from the dorsal extension 
of the ventral fissure between the basioccipital and bas- 
isphenoid that characterizes early actinopterygians and 
reflects the embryological division between the parachor- 
dal and trabecular regions of the braincase. 

In the rhipidistians, the articulation between the an- 
terior, ethmoid unit (including the nasal capsules) and the 
posterior otico-occipital occurs just anterior to the open- 
ing for the Vth (trigeminal) nerve (see Figure 8-3). The 
otico-occipital portion is closely comparable to that of 
primitive actinopterygians. The lateral occipital fissure is 
still evident. A large lateral commissure, which is external 
to the jugular canal, supports two facets for articulation 
of the hyomandibular. A large opening above the com- 
missure is functionally comparable with the posttemporal 
fossa in teleosts, which serves for the attachment of the 
epaxial musculature that raises the head. 

In primitive actinopterygians, the notochordal canal 
pierces the otico-occipital plate and extends anteriorly to 
the prootic bridge, which separates it from the pituitary 


Bone of attachment 



Figure 8-6. Great enlarged cross section of a tooth of Eusthenopteron 
to show labyrinthodont infolding of dentine. From Moy-Thomas and 
Miles, 1971, after Schnltze. 
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fossa. The prootic bridge is missing in rhipidistians, and 
the notochord abuts against the back of the ethmoid os- 
sification. Paleontologists postulated, on the basis of the 
bony configuration of the otico-occipital element, that 
rhipidistians had a great anterior extension of the noto- 
chord; this was confirmed by the discovery of the noto- 
chord in exactly this position in the living coelacanth 
LattmeriH. 

The ethmoid portion of the braincase is more exten- 
sively ossified than it is in actinopterygians in relation to 
its role in feeding. The orbits are relatively smaller and 
the interorbital septum is wider. The nasal capsules are 
large and heavily ossified. In Eusthenopteron and other 
osteolepiform rhipidistians, the capsules have three open- 
ings: a ventral opening that leads toward the choana, an 
external opening above the suture between the maxilla 
and premaxilla, and a posterior opening that leads toward 
the orbit via a short tube. This tube may be comparable 
with the lacrimal duct in tetrapods. The external narial 
opening in rhipidistians is probably homologous with the 
anterior or incurrent narial opening in actinopterygians, 
and the nasolacrimal duct is comparable with the pos- 
terior, or excurrent opening. Panchen (1967) considers 
this problem in detail. The presence of the nasolacrimal 
duct is logically associated with the adaptation of later 
rhipidistians to life near the surface of the water, where 
the eyes and nasal openings are out of the water so often 
that they need to be bathed in secretions from a lacrimal 
gland. We may attribute the initial development of the 
internal narial opening to the advantage of having a sense 
of smell within the oral cavity. Its function in respiration 
was probably secondary. 

The structure of the hyomandibular and palato- 
quadrate are fundamentally similar to those of primitive 
actinopterygians, although their attachments to the brain- 
case are modified in relation to the articulation within the 
braincase and the peculiarities of the feeding mechanism. 
The basicranial articulation and adjacent structures, in- 
cluding the pituitary fossa and areas of origin of the rectus 
eye muscles, are relatively further forward than in prim- 
itive actinopterygians, and the entire otico-occipital por- 
tion of the braincase appears longer. The hyomandibular 
has a double articulation with the braincase, precluding 
dorsoventral movement but facilitating anterior move- 
ment of the distal extremity as the cheek is expanded. As 
in actinopterygians, the palatoquadrate articulates ante- 
riorly with the back of the nasal capsule and laterally with 
the maxillary bone of the cheek. 

We can reconstruct the mechanics of feeding move- 
ments on the basis of the pattern in primitive actinopter- 
ygians and the living coelacanth (Figure 8-7). As in ac- 
tinopterygians, the contraction of the axial and hyoid 
musculature that open the jaws forces the cheeks and 
operculum to move laterally. Because of their linkage with 
the cheek, the distal end of the hyomandibular and the 
attached palatoquadrate move anteriorly. The anterior 
movement of the palatoquadrate lifts the anterior end of 




diverticulum 


(c) Otico-occipital 



Figure 8-7. CRANIAL KINESIS OF RHIPIDISTIANS. (a) Outline of 
braincase, lower jaw, and hyomandibular showing subcephalic muscles. 
Palatoquadrate indicated in dotted lines. (6) Braincase with palato- 
quadrate and adductor jaw musculature, (c) Relative movement of skull 
elements during feeding. Straight lines indicate changes in orientation 
of the hyomandibular and palatoquadrate and dotted lines show outline 
of ethmoid. As the jaws are opened, the distal end of the hyomandibular 
swings anteriorly. The palatoquadrate acts as a link between this bone 
and the ethmoid region of the braincase, which is lifted as the palato- 
quadrate moves forward. The subcephalic muscle lowers the ethmoid 
and the palate and dermal bones of the snout to which it is attached. 
From Thomson, 1967. With permission from the Zoological Journal of 
the Linnean Society. Copyright 1967 by the Linnean Society of London. 
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the ethmoid portion of the braincase and the dermal bones 
bearing the marginal dentition. The adductor mandibulae 
close the jaws as in actinopterygians, but their force is 
greatly augmented by the large subcephalic muscles that 
depress the front of the braincase, the palate, and the 
tooth-bearing maxilla and premaxilla. The extent of 
movement of the anterior unit of the braincase was not 
great but would have been sufficient to drive the large 
fangs of the palatal dentition through the heavy dermal 
armor of Paleozoic bony fish, which may have constituted 
a large portion of the diet of rhipidistians. 

The hyoid apparatus (Figure 8-8) follows the general 
pattern of acanthodians and primitive actinopterygians, 
with a series of medial ventral supports, the basibran- 
chials, and a jointed lateral series supporting the gills — 
the hypobranchials, ceratobranchials, epibranchials, in- 
frapharyngobranchials, and suprapharyngobranchials. 
There are four or five gill arches. The first two are attached 
dorsally to the neurocranium. The internal surfaces of 
these elements are covered with tooth plates. 

VERTEBRAE AND RIBS 


In Eusthenopteron, die central elements and the neural 
arches were apparently not in contact with one another 
but separated by cartilage. The neural arches themselves 
may be paired in the trunk region, and their bases are 
separated well above the level of the neural tube to allow 
passage of the dorsal longitudinal hgamenuThi^mening 
persists in primitive labyrinthodonts. In Qstgoitpid ? the 


(«) 

Hypobranchial V 



As in most primitive fish, rhipidistians have a notochord 
that is large and little restricted, but in contrast with early 
actinopterygians, all species have ossified centra. These 
centra are usually relatively thin walled, which indicates 
that the diameter of the notochord is large, but they may 
surround it more or less completely. The pattern of the 
centra differs considerably from genus to genus (Figures 
8-9 and 8-10). This variability does not follow the major 
taxonomic divisions of the group based on the pattern of 
the dermal skull roof, dentition, and other features. The 
structure of the centra probably evolved in relation to 
changes in locomotor patterns that occurred in each of 
the major taxonomic groups. Despite detailed descrip- 
tions of the various elements, we are not certain of their 
specific functions. Cartilage was certainly present in the 
vertebral column as well, but its extent, relative to that 
of the notochord, cannot be accurately judged from the 
fossils (Andrews and Westoll, 1970a, 1970b). 

The pattern of the centra seen in Eusthenopteron ‘ and 
appears structurally similar to those of prim- 
;tive labyrinthodont amphibians, and similar names have 
been applied to the elements. However, the proportions 
and functional relationships differ somewhat between the 
members of these two groups, which has led to contro- 
versy over theirspecific homology (Thogjgon and Vaughn, 
1968). In Eusthenopteron and Osteolcpis ~-{ Figure 8-9), 
there are two successive elements in each segment: the 
pleurocentrum is dorsal, posterior, and always paired; the 
intercentrum is ventral, anterior, and paired throughout 
much of the trunk region but fused medially in both the 
cervical and the posterior trunk and caudal regions. In 
the tail, the intercentrum is continuous with the haemal 
arch, a configuration that is retained in most primitive 
tetrapods. 


( b ) Basibranchial 2 Basibranchial 1 




(d) 


Urohyal Basibranchial 

Figure 8-8. HYOID APPARATUS OF RHIPIDISTIANS. The osteo- 
lepiform Eusthenopteron (a) in ventral view and (b) lateral view of 
ventral elements, (c and d) Comparable views of the porolepiform Glyp- 
tolepis. The structure is basically similar except for the very long sub- 
lingual rod in Eusthenopteron. From jarvik, 1963. 
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Figure 8-9. RHIPIDISTIAN FISHES, (a) Osteoleptj restoration with scales. From Moy-Thomas and Miles, 
1971. By permission from Chapman and Hall, Ltd. ( b ) Qsteolqjfis reconstruction of endoskeleton. From 
Andrews and West oil, 1 970b. (c) Busthenopteugt. From Andrews and Westoll, 1 970a. (d) Glyptolepig. From 
Andrews and Westoll, 1 97 Ob. ( a-c ) are osteolepiforms and (d) is a porolepiform. 
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Figure 8-10. RHIPIDISTIAN VERTEBRAE, (a) Osteolepis trunk ver- 
tebrae in lateral and anterior views. This pattern is similar to that of 
primitive Paleozoic amphibians, (b) Megalichthys trunk vertebrae in 
lateral and anterior views. The ring centra may have developed from 
smaller elements, like those of Osteolepis. ( c ) Megalichthys caudal ver- 
tebrae in lateral view. From Andrews and Westoll, 1 970b. 

centra are extensive and nearly cover the notochord lat- 
erally A, lyptolepiff (Figure 8 -9d), a porolepiform rhipi- 
distian, appears to show basically the same pattern as 
i e ':.■•</, v although the elements are relatively smaller. 
Other rhipidistians of both major groups show an ap- 
parent consolidation of pleurocentra and intercentra into 
complete cylinders that occupy most of the segment. In 
s, the pattern of fusion from distinct elements is 
still evident. It is less so in Megalichthys (Figure-8-lOfe), 
in which the centra, although never as long, appear like 
the unitary structure seen in some early lungfish. In the 
genera in which the centra are complete cylinders, the 
neural arches articulate with them. In the genera with 
small paired pleurocentra, they appear to remain separate. 
There are never well-developed zygapophyses linking suc- 
cessive neural arches, although there are traces of surfaces 
that may have been in contact with one another. 

Eusthenoptero $ and OsteolepiSj which have multi- 
partite centra also have ribs, But genera with cylindrical 
centra do not. In EusthenopterorL) the ribs are short rods 
linking the area of the arch and pleurocentrum with the 
intercentrum. The intercentrum bears a distinct notch for 
their attachment, but the development of an articulating 
surface on the arch is questionable. A very short segment 
that extends dorsally and posteriorly corresponds with 
the shaft of the rib in amphibians and other tetrapods. 

Despite the general similarities of the vertebrae to 
those of early amphibians, rhipidistians show little of the 
specialization of the anterior cervicals to articulate with 
the occiput in the manner of the atlas-axis complex of 
tetrapods. This is presumably a result of the strong, but 
not rigid, attachment of the skull to the trunk via the 
notochord that extends deeply into the occiput. 


The fleshy basal portion of the fins of rhipidistians is 
surrounded by rhomboidal or rounded scales similar to 
those that cover the trunk (Figure 8-9). On the distal 
portion or fin web, these scales are succeeded by elongate 
lepidotrichia like those of actinopterygians. Osteolepi- 
formes have large scutes at the base of all but the caudal 
fins. 

The anterior dorsal fin has an expanded basal support 
that is not in contact with the neural arches and one or 
more radials. The endoskeletal supports of the second 
dorsal and anal fins articulate directly with the neural and 
haemal arches. The basals have a large distal portion that 
supports three or more radials and a narrower base that 
articulates with one or two neural or haemal spines. 
Whether the tail is heterocercal or diphycercal, the pri- 
mary supports are provided by the neural and haemal 
arches and additional ventral elements, the epihaemal 
spines. The development of a symmetrical tail in rhipi- 
distians appears to involve little more than straightening 
the notochordal axis and compensation in the length of 
the endoskeletal supports. As in actinopterygians, these 
changes can be associated with reduction in the weight 
of the scales. They may also be associated with an increase 
in the effectiveness of the lung as a hydrostatic organ. 

We are especially interested in the paired fins of rhip- 
idistians (Figures 8-9 and 8-11) because they form the 
basis of the structure of the limbs in amphibians and all 
higher tetrapods. As in the actinopterygians, the shoulder 
girdle consists of both dermal and endochondral elements. 
The dermal bones are a direct continuation of the back 
of the opercular series and the skull roof. The largest 
ventrolateral element is the cleithrum, which, as in pa- 
laeoniscoids, supports the scapulocoracoid. Large paired 
clavicles and a small median interclavicle lie ventrally. 
Dorsally, the cleithrum is succeeded by the anocleithrum, 
the supracleithrum, and the posttemporal, which is in 
contact with the extrascapulars. The scapulocoracoid is 
a small bone in Eusthenopterot j and has a triradiate at- 
tachment to the cleithrum. 

We can directly compare elements of both the fore- 
limbs and hind limbs of osteolepiform rhipidistians and 
primitive amphibians (see Figures 9-8 through 9-10). In 
the forelimb, the proximal element is clearly comparable 
to the tetrapod humerus and articulates with a long blade- 
like radius and a stout posterior equivalent of the ulna. 
The ulna in turn articulates with an anterior intermedium 
and posterior ulnare. The ulnare articulates with two or 
more distal elements that we may compare with the more 
distal carpals of amphibians. More distally, there are no 
large endoskeletal supports for the fin and one must sup- 
pose that the metacarpals and phalanges of tetrapods de- 
veloped as almost, if not entirely, new structures. 

The pelvic girdle consists of a single pair of ossifi- 
cations that may have been joined at the midline by car- 
tilage. A large acetabulum faces almost directly poste- 
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(a) Scapulocoracoid cieithrum 




Figure 8-11. ENDOSKELETON OF PAIRED FINS OF EUSTHEN- 
OPTERON. (a) Pectoral girdle and fin. (b) Pelvic girdle and fin. From 
Andrews and Westoll, 1970a. 

riorly. The proximal element of the hindlimb is clearly 
equivalent to the femur of tetrapods. It is succeeded by 
homologues of the tibia anteriorly and the fibula poste- 
riorly. The fibula is succeeded by equivalents of the fib- 
ulare and intermedium, and the fibulare in turn is suc- 
ceeded by two or more endoskeletal ossifications. As in 
the forelimb, there is no evidence of more distal elements, 
nor of anything functionally equivalent to an ankle or 
foot. We will consider the function of the paired fins in 
rhipidistians in the next chapter. 

RHIPIDISTIAN DIVERSITY 

Despite the fact that most rhipidistians conform to a sin- 
gle, relatively specialized anatomical pattern based on a 
predatory habit and a distinctive type of cranial kinesis, 
we have long recognized that at least two major phylo- 
genetic groups could be distinguished: the rare and gen- 
erally more primitive Porolepiformes, and the more nu- 
merous and advanced Osteolepiformes (see Figures 8-4, 
8-5, 8-8, and 8-9). 

The Porolepiformes are represented by three well- 
known genera: JPoroiep& from the Lower Devonian, 
(Jlyptolepi * j from the Middle Devonian, and HolafiCychtus 
from the Upper Devonian (Jarvik, 1972). In contrast with 
the Osteolepiformes, the pineal usually does not pierce 
the skull roof, and the anterior portion of the skull is 


especially short, with small orbits and two external narial 
openings. The progressive shortening of the anterior por- 
tion of the braincase within this group indicates a greater 
reliance on cranial kinesis and the use of the subcephalic 
muscle in feeding. Porolepiformes have several tooth whorls 
lateral to the symphysis, in contrast with the patches of 
small teeth or large fangs common to osteolepiforms. We 
know little of the endoskeletal fin supports in this group, 
but the pectoral fin may be very long and slender. In- 
folding of the enamel is even more complex than in os- 
teolepiforms (Schultze, 1970). 

Porolepis, Powichtbyj, and Youngolepi^ from the 
Lower Devonian are the earliest known rhipidistians, and 
many of the distinctive features of these genera may be 
primitive (Chang, 1982). These features include a mosaic 
of small bony plates covering extensive areas of the skull 
roof, the failure of the vomers to meet at the midline, the 
absence of basal scutes on the fins, and the presence of 
several bones in theposition of the squamosal and quad- 
ratojugal. Powichtbys had a pineal foramen but lacks 
division between the anterior and posterior elements of 
the dermal skull roof (Jessen, 1980). 

The osteolepiforms are typified by the Upper Devon- 
ian genus Eusthenopterrfh, whose anatomy has served as 
the basis for description of most features common to rhip- 
idistians as well as for comparison with amphibians (Jar- 
vik, 1980). The earlier osteolepiform Osteoleffis from the 
Middle Devonian is a member of a conservative family 
that extends into the Lower Permian, where it is repre- 
sented by the genus EctosteorbachU. This family retains 
a heterocercal tail and th ick _rh omboidal scales covered 
with cosmine. Eusthenopterov represents a more pro- 
gressive family that is characterized by a symmetrical, 
three-lobed tail and thin, extensively overlapping cycloid 
scales. Vorobyeva (1975, 1980) has recently discussed 
other aspects of evolution among the osteolepiforms. 

Struniiformes 

Four poorly known genera are usually allied with the 
i rhipidistians: Strunins (Figure 8-12), Onychodtls, 
Grossiusi, and Quebecihs from the Middle and Upper De- 
vonian (Jessen, 1966; Schultze, 1973). Struniu&is a small 
fish known from complete but poorly preserved material; 
it is widely distributed geographically and occurs in both 
marine and fresh waters. Onychodvk is a larger form that 
is known primarily from disarticulated elements. 

The possession of a bipartite braincase and kinesis 
of the dermal skull roof demonstrate the affinities of these 
genera with rhipidistians. The bones within the two units 
of the braincase are not solidly fused to one another but 
may be distinguished by sutures or separated by large 
amounts of cartilage. Like other sarcopterygians, Stru- 
niiformes possess two dorsal fins and numerous sclerotic 
plates. In the genus Quebecius, the tail is heterocercal, 
but in Struniiis, it is trifid like that of both Eustbenopterofi 
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Figure 8-12. STRUNIU& x 1|. Like actinopterygians, thestruniiforms 
have large orbits and lack conspicuously lobate fins. However, the brain- 
case ossifies in two sections like the crossopterygians. Abbreviations as 
in Figure 8-3. From Moy-Thomas and Miles, 1971. By permission from 
Chapman and Hall, Ltd. 


and coelacanths. Unlike osteolepiform rhipidistians, there 
are no internal nares, but like the more primitive rhipi- 
distians and actinopterygians, there are two external nares. 
There is no pineal opening or interclavicle. Tooth whorls 
are present on either side of the symphysis, as in some 
sharks, acanthodians, and porolepiforms. 

Because of its relatively large orbits, small nasal cap- 
sules, and cheek bone configuration, Strun&ds resembles 
actinopterygians, but these features can be attributed to 
convergence. The paired and dorsal fins appear to be su- 
perficially like those of ray-finned fish. We may tentatively 
place the Struniiformes (or Onychodontiformes) within 
the crossopterygians as a taxon equivalent to the rhipi- 
distians. Andrews (1973) suggests closer affinities with 
the Osteolepiformes than with the Porolepiformes. 


COE1 ACANTHIFORMES 
(A C T I N I S T I A) 

Rhipidistians are not represented in the fossil record 
after the Lower Permian. By the Middle Devonian, 
they had given rise to two derived groups that survive to 
the present: tetrapods, which will be discussed in the next 
chapter, and coelacanths (Figure 8-13). We have not es- 
tablished the specific origin of coelacanths, although An- 
drews (1973) contends that their closest affinities may lie 
with the porolepiforms. The primary reason for consid- 
ering that coelacanths are closely related to the rhipidis- 
tians and including them in a single order, Crossopterygii, 
is the great similarity in the structure of the braincase and 
its peculiar kinesis. 

Although several families are recognized, coelacanths 
are remarkably consistent in their general morphology 
and even in details of bony structure (Jarvik, 1980). Coel- 
acanths are already specialized in skull proportions, greatly 
reduced marginal dentition, and absence of cosmine when 
we first encounter them in the Middle Devonian. Unlike 
osteolepiforms, there is no choana, but two external nares 
are present. The body is generally short; the tail is typically 
a trifid structure resembling that of Eusthenoptertyi, ex- 
cept in the Upper Devonian genus Mtguashaia, in which 
it is heterocercal (Schultze, 1973). 


The structure and proportions of the braincase are 
similar to those of rhipidistians; however, the opening for 
the Vth nerve passes through the joint rather than via a 
separate opening behind it. The proportions of the re- 
mainder of the skull and the distinctive orientation and 
configuration of the hyomandibular contribute to signif- 
icant differences in cranial mechanics, as Thomson (1967) 
described. The skull is shorter and the quadrate is almost 
at the level of the intracranial joint. The hyomandibular 
is not directly linked with the palatoquadrate but artic- 
ulates via a symplectic with an elongate retroarticular 
process behind the articulation between the quadrate and 
the lower jaw. Elevation of the front of the skull is ac- 
companied by a forward movement of the mandibles, but 
unlike the rhipidistians, the movement is not necessarily 
accompanied by lateral expansion of the cheeks. Feeding 
and respiration are mechanically distinct, although both 
involve movements of the hyomandibular. 





Figure 8-13. COELACANTHS. (a) Skull of the Carboniferous coela- 
canth Rhabdomerma. Abbreviations as in Figure 8-3. From Moy-Thomas 
and Miles, 1971. By permission from Chapman and Hall, Ltd. ( b ) Skel- 
eton of the modern genus : Latimeru. f-rom Thomson, 1969. (c) The 
Triassic coelacanth Diplurui .1 From Schaeffer, 1952. Courtesy of the 
Library Services Department, American Museum of Natural History. 
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The notochord remains persistent throughout the 
group, with only tiny central elements recognizable. The 
fleshy lobe tends to be more restricted to the base of the 
fins, and the first dorsal in Latimeria is supported pri- 
marily by lepidotrichia. By the Triassic, the skeleton had 
achieved an essentially modern appearance. According to 
Schaeffer (1952), most features of the modern genus had 
been established by the late Devonian. The Upper De- 
vonian coelacanths are known from both marine and fresh 
water. Mesozoic coelacanths were largely, but not en- 
tirely, marine. In the late Paleozoic and Mesozoic, the 
group had a worldwide distribution. 

There is no fossil record of coelacanths beyond the 
Cretaceous, at which time they are known from shallow 
marine deposits. In 1938, a living coelacanth was discov- 
ered in the Indian Ocean near the coast of Madagascar. 
Dozens of specimens have been collected since, providing 
the most direct evidence of the soft anatomy of the other, 
long extinct crossopterygians. 

Millot and Anthony (1958, 1965, 1978) described 
the anatomy of the living coelacanth in detail, Andrews 
(1977) described the axial skeleton, and McCosker and 
Lagios (1979) discussed various aspects of the anatomy 
and physiology. Northcutt, Neary, and Senn (1978) showed 
that the brain to body weight ratio in Latmteria is com- 
parable to that of the most primitive living sharks and 
bony fish and is similar to that of rhipidistians that were 
measured on the basis of endocasts. 

The long period of separate evolution between rhip- 
idistians and coelacanths makes it unwise for us to ex- 
trapolate uncritically the specific features of the living 
genus Latimerid to the Paleozoic groups. The presence of 
subcephalic muscles and the extension of the notochord 
to the level of the pituitary, which occur in coelacanths, 
were previously suspected features of the rhipidistians. 
Modern coelacanths give birth to live young, but this was 
almost certainly not a feature of the ancestors of am- 
phibians. In Latimeria, the lungs are filled with fat, but 
they appear to be calcified in Paleozoic and Mesozoic 
coelacanths. In contrast, they served for respiration and 
buoyancy control in Paleozoic rhipidistians. 

Lungfish 


THE ANATOMY OF PRIMITIVE GENERA 

Nearly all Dipnoi are highly modified from the pattern of 
other bony fish in the fusion of the palatoquadrate with 
the braincase, loss of marginal tooth-bearing bones, and 
emphasis on the palatal dentition. The pattern of the bones 
of the skull roof is not directly comparable with that of 
either rhipidistians or actinopterygians. So different are 
typical lungfish from sarcopterygians that Jarvik (1980) 
allied them with holocephalians among the chon- 
drichthyes rather than with bony fish. 


SARCOPTERYGIAN FISH 


In contrast with all later genera, the earliest-known 
lungfish, Diabolichthyed' from the Lower Devonian of 
China, shows a remarkable mosaic of characters consid- 
ered typical of lungfish and primitive rhipidistians (Chang 
and Yu, 1984) (Figure 8-14). The pattern of the skull roof 
is clearly comparable with that of later lungfish, but the 
ventral surface of the skull shows that the basicranial 
articulation was still mobile and that the palatoquadrate 
was not fused to the braincase. THe posterior portion of 
the braincase has not been described, but comparison with 
the primitive rhipidistian Youngoiepis suggests that the 
ethmoid and otic-occipital elements were separately os- 
sified. The premaxilla is recognizable as a distinct tooth- 
bearing bone of the skull margin that separates the an- 
terior narial opening from the mouth cavity. The vomer 
occupies a position that is comparable to that of primitive 
rhipidistians, and the parasphenoid is a long, toothed ele- 
ment extending anteriorly between the pterygoids. In con- 
trast with all later lungfish, the dentary retains marginal 
teeth. On the other hand, the teeth on the premaxilla do 
not form a marginal row but were exposed primarily 
within the mouth cavity. The teeth covering the pterygoid 
and prearticular are densely packed and arranged in a 
radiating pattern, as in later lungfish, but are not fused 
to form definite tooth plates. 

Diabolichthys is clearly allied with later lungfish in 
the emphasis on the palatal dentition and in the pattern 
of the dermal skull roof, but it retains many features that 
reflect an ancestry among the crossopterygians. The post- 
cranial skeleton of Diabolichthys has not been described, 
but that of the slightly younger genus Uranolophtys re- 
sembles that of rhipidistians (Denison, 1968a, b). 

D/.-A tichiiys comes from a facies that is transitional 
between marine and continental. Other early Devonian 
lungfish are known from freshwater and marine deposits. 

All lungfish other than Diabolichthys are distin- 
guished by ossification of the braincase as a single unit 
to which the palatoquadrate is fused, the loss of the pre- 
maxillae, and the great reduction in the anterior extent 
of the parasphenoid. The advanced pattern of the palate 
and braincase are already evident in Uranolophus i rom 
the Lower Devonian of North America (Figure 8-15). 
Unlike most later lungfish, UranolopbuQ lacks tooth plates. 
The pteryogoids are elongate triangular bones that cover 
most of the palate. Both they and the prearticulars bear 
tooth ridges on their margins. 

Well-defined tooth plates are a hallmark of more 
advanced lungfish. In the middle Devonian genus Dipterui 
(Figure 8-1 6d), there are large paired plates with radiating 
rows of denticles that occupy much of the surface of the 
pterygoids and smaller plates that developed from the 
vomers. Another pair are borne on the prearticulars. 

Typically, the bones of the snout of primitive lungfish 
are turned under as a “lip” that may bear sharp ridges 
and tubercles. The ventral margin of the “lip” is notched 
for paired narial openings, and there is space posteriori)' 
for a large nasal capsule. Modern lungfish have a second 
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Figure 8-14. LOWER DEVONIAN SARCOPTERYGIANS FROM CHINA. ( a-c ) Dorsal and palatal views of the primitive 
lungfish Diabolichthys. The skull roof closely resembles the pattern of later lungfish, but the palate is primitive in that it 
shows an articulating surface for the palatoquadrate, which indicates that the palate and braincase were not fused as is the 
case in all other lungfish. The premaxilla remains a separate area of ossification, and the external narial opening is at the 
margin of the mouth. Numbers and letters are used to identify the dermal bones of the lungfish skull because most do not 
appear to be directly homologous with those of other bony fish or amphibians, (d) Anterior portion of the palate of the very 
primitive rhipidistian Youngolepis showing a pattern very similar to that of Diabolichthys. From Chang and Yu, 1984. 


opening from the nasal sac into the mouth cavity. Some 
authors believe that this opening is homologous either 
with the internal nostril of rhipidistians or the posterior 
external naris of actinopterygians. This controversy re- 
mains unresolved. 

Rosen, Forey, Gardiner, and Patterson (1981) iden- 
tify an opening in the palate of Griphognathim an upper 


Devonian lungfish that lacks tooth plates, as an internal 
naris. Although this opening may have served as an air 
passage into the nasal capsule, it is difficult to homologize 
with the internal naris of rhipidistians and tetrapods be- 
cause of the absence of marginal tooth-bearing bones 
(Campbell and Barwick, 1984). No other lungfish pos- 
sesses such an opening. 
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commissure 



Figure 8-15. SKULLS OF FOSSIL DIPNOI. Skull roof of an early 
Devonian lungfish Uranolophis. (a) Dorsal view, xjj. (b) Ventral view, 
x 1. The area labelled ps (parasphenoid) is probably a broken piece of 
the pt (pterygoid). No lungfish other than Diabolichthys has a long 
parasphenoid, as in rhipidistians. From Denison, 1 968a. By permission 
from the Field Museum of Natural History, Chicago, (c) Dorsal view 
of the braincase of the lungfish Chirodipterus with the skull roof re- 
moved to show the extent of chambers for the adductor jaw musculature. 
The jaw muscles occupy almost all of the space above the braincase and 
extend anteriorly toward the short lower jaws. From Miles, 1977. With 
permission from the Zoological Journal of the Linnean Society. Copy- 
right 1 977 by the Linnean Society of London. 



Figures 8-14 to 8-17 show the dermal skull roofs of 
several Dipnoi. The pattern is not directly comparable 
with those of either rhipidistians or actinopterygians, and 
a unique terminology was established using numbers and 
letters. The number of separate centers of ossification tends 
to be reduced in later genera. The general homology of 
the major units can be established on the basis of their 
association with the lateral line canals. Ventral to the 
operculum and between the jaws there are subopercular, 
gular, and submandibular plates that are broadly but not 
specifically comparable with bones in these positions in 
actinopterygians and rhipidistians. 

In Upper Devonian lungfish, the hyomandibular is 
recognizable as a distinct element that articulates with the 
posterior surface of the palatoquadrate and the braincase 
(Campbell and Barwick, 1982). Its movement may affect 
the operculum, but it plays no role in the connection 
between the palatoquadrate and the braincase? The hy- 
omandibular retains the same position and configuration 
in Neoceratodus, although it is smaller in the living genus. 

The surface of the lower jaw is usually covered with 
a continuous layer of cosmine, but in some specimens 
sutures divide a series of bones. Paired dentary bones such 
as those of rhipidistians and actinopterygians are not ev- 
ident, and there are no marginal teeth except in Diabol- 
ichthys. The jaw symphysis is formed by a large medial 
element that may incorporate the anterior portion of the 
area of ossification that forms the dentary in other bony 
fish. A sequence of more posterior and ventral bones are 
topographically comparable to the splenial, postsplenial, 
angular, and surangular of rhipidistians. Most of the me- 
dial surface is formed by the prearticular, which bears the 
tooth plate in advanced genera. This bone is usually fused 
at the symphysis. Coronoid bones, which are present in 
both actinopterygians and rhipidistians, are missing in 
lung fish, presumably in conjunction with the absence of 
a normal marginal dentition. 
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(c) 



( d ) Narial opening 



SKULL OF THE MIDDLE DEVONIAN LUNGFISH 
(a) Dorsal, (b) ventral, (c) lateral, and ( d ) palatal views. 
(a-c) From Moy-Thomas and Miles, 1971. By permission from Chap- 
man and Hall, Ltd. (d) From Westoll, 1949. Copyright 1949 by 
Princeton University Press, copyright renewed by Princeton University 
Press. Reprinted by permission of Princeton University Press. 


Like primitive rhipidistians and actinopterygians, the 
rhomboidal scales of QfWtoiopjjt^ have an anterior dorsal 
process that articulates with the next scale above. There 
are two posteriorly placed dorsal fins. The tail is hetero- 
cercal in Vr.;>tolophgf and other early lungfish. 

The shoulder girdle of primitive lungfish resembles 
that of rhipidistians in being formed by a clavicle, a small 
interclavicle, and a cleithrum bearing an ossified scapu- 
locoracoid. It is unlike that of either rhipidistians or ac- 
tinopterygians in lacking a succession of large bones dor- 
sal to the cleithrum that bind it to the skull table. The 
supracleithrum and the anocleithrum (which are present 
in later lungfish) may have evolved separately in actin- 
opterygians and sarcopterygians. 




Figure 8-17. {a) Skull roof of the Lower Devonian lungfish 

, hynchusf From Thomson and Campbell, 1971. ( b ) Skull roof of the 
modern lungfish Neoceratodus. From Miles, 1 977, after Goodrich. With 
permission from the Zoological Journal of the Linnean Society. Copy- 
right 1977 by the Linnean Society of London, (c) Pterygoid and lower 
jaw tooth plates of the late Paleozoic lungfish Sagenodus. From Gregory, 
1951. Courtesy of the Library Services Department, American Museum 
of Natural History. 


Uranotopbqs vertebrae have well-developed neural 
arches and one crescentric centrum in each segment, the 
intercentrum, commonly the largest unit in primitive rhip- 
idistians. In contrast to Uranolophiis, the centra of a few 
later Devonian lungfish are ossified as complete rings and 
the notochord is much reduced. After the Devonian, how- 
ever, there is almost no evidence of ossification of the 
centra in this group. In contrast with other early bony 
fish, Dipnoi’s pleural ribs are very well developed. 
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Figure 8-18. (a) The Upper Devonian lungfish Dipterals. From Moy-Thomas and Miles, 1971. By permission 

from Chapman and Hall, Ltd. ( b ) The modern lungfish NeoceratodttsO From Thomson, 1969. 


Endoskeletal supports for the paired fins are de- 
scribed in very few primitive lungfish. In the Carbonifer- 
ous genus Coachopotw, they are arranged in an archi- 
pterygial pattern comparable to that of the living genus 
Neoceratodys (Figure 8-18). There is no evidence that 
any lungfish developed the large preaxial radials char- 
acteristic of osteolepiform rhipidistians. 

EVOLUTIONARY TRENDS 

The feeding apparatus of lungfish evolved very rapidly 
during the early Devonian. Further consolidation of the 
palate and braincase and experimentation in the nature 
of the dentition continued to the end of that period. By 
the late Devonian, the basic pattern of the head region 
was established and its general structure has remained 
almost unaltered to the present day. 

The fusion of the palatoquadrate to the braincase 
and the increase in size of the adductor chamber would 
have given lungfish a very strong bite, which is necessary 
for feeding on hard-shelled prey, but would also have been 
effective for feeding on a wide range of foods, which is 
the habit among living lungfish. 

The capacity to bite down very hard on the food can 
be associated with the development of tooth plates among 
early Dipnoi. Their elaboration almost certainly occurred 
after the modification of the braincase and upper jaw, 
since several of the Devonian lungfish lack tooth plates. 
However, an isolated plate has been found in the same 
deposit as l Iranolopk&s, indicating that some lungfish 
achieved this feature very early in their evolution. Struc- 
tural intermediates have been described between the prim- 
itive pattern seen in Oranolopbtis and fully developed 
tooth plates such as occur in the middle Devonian genus 
Dipteqjs. Fleurantia (from the late Devonian) has en- 
larged denticles that are arranged in a radiating pattern 
within a field of smaller denticles. 


Denison (1974) described progressive changes that 
occurred during the evolution of lungfish that made the 
tooth plates more effective. In Uranolophqp, as in other 
primitive bony fish, the individual’ palatal denticles are 
regularly replaced. In the early stages of tooth plate de- 
velopment, the ability to replace the denticles is lost and 
the plates may be severely worn. In more advanced spe- 
cies, a pulp chamber develops between the dentine of the 
teeth and the underlying spongy bone and surface wear 
is compensated by the continuous growth of the dentine. 

In early lungfish, the histology of the individual den- 
ticles does not differ from that of other early bony fish. 
In later genera, the surface is more resistant to wear be- 
cause of the elaboration and hypermineralization of tu- 
bular dentine. Another specialized, highly mineralized tis- 
sue, termed petrodentine, is present in the more advanced 
living lungfish family, the Lepidosirenidae. Areas of pe- 
trodentine are separated by areas of trabecular dentine 
that are less dense and more rapidly worn. This arrange- 
ment gives rise to a sharp cutting edge between the two 
tissues. 

Like some surviving members of the most primitive 
group of ray-finned fish, modern lungfish have greatly 
reduced the ossification of their internal skeleton. After 
the Upper Devonian, the braincase and vertebral centra 
became largely cartilaginous. The dermal bones of the 
skull became reduced in number and extent, lost their 
cosmine, and sank beneath the surface (see Figure 8-176). 
The scales became cycloid, lost their cosmine, and, in 
modern species, overlap extensively. In the primitive state, 
the fins were covered by bony lepidotrichia. These are lost 
and the fin webs of modern genera are supported by horny 
camptotrichia (the equivalent of ceratotrichia in sharks). 
Progressive changes also occur in the medial fins. The two 
dorsal fins move posteriorly and become confluent with 
the caudal. The caudal fin itself becomes symmetrical and 
tapering and the anal becomes confluent with it ventrally. 
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These trends are far advanced in the Upper Devonian 
genus FJaaneropieuron, with only the anal fin remaining 
separate. 

The Dipnoi appear to have undergone several suc- 
cessive episodes of adaptive radiation. The specific rela- 
tionships of the many families are still subject to contro- 
versy. Thomson and Campbell (1971) and Miles (1977) 
recently discussed the problems of classifying lungfish. 

Several distinct lineages that are characterized by dif- 
ferences in the palate and its dentition appear at the base 
of the Devonian. Later in the period the Rhynchodipter- 
idae appear. They include the genera Gripbognatbus, Soe- 
derberghia, and Rhynchadipterus, which are specialized 
in the elongation of the snout and the development of 
ring centra. Two additional Upper Devonian families are 
represented by Fdeurantia and Scaumenaciu, which are 
specialized in having a deep, laterally compressed body 
that is associated with fast swimming and predatory hab- 
its. Dtptenis' may represent a main line of dipnoan evo- 
lution from which have diverged various specialized lin- 
eages, including both living families and a variety of 
Carboniferous genera. 

After the Carboniferous, the diversity of lungfish de- 
clined dramatically, with only two recognizable lineages 
persisting in the Mesozoic and Cenozoic: the Ceratodidae 
and the Lepidosirenidae. The Ceratodidae represent a 
continuation of the main stream of Paleozoic dipnoan 
adaptation represented by Dipterus and Sagenodu*. The 
tooth plates are large and well developed but have rela- 
tively low tooth ridges (see Figure 8-17). The body is thick 
and round, and the paired fins are short and stout. The 
genus C eratodUs is known from the Lower Triassic into 
the Upper Cretaceous of nearly all continents. The modern 
genus Neoceratodus (. Epiceratodus ] is known as early as 
the Upper Cretaceous in Australia; it is now restricted to 
a few rivers on the east side of that continent. 

We know the Lepidosirenidae from early Cenozoic 
remains in both Africa and South America, where the 
living genera Efotopterus and Lepidosiren persist. The 
tooth plates are distinguished from those of the Cerato- 
didae in having a small number of very high ridges that 
are strengthened by petrodentine. The body is long and 
slim, with the paired fins reduced to tentaclelike appen- 
dages. 

The modern African and South American lungfish 
live in areas of seasonal drought and have the ability to 
aestivate. Members of the genus ProtopterusJa&rro'N into 
the mud where they can remain dormant for more than 
a year, surviving at a reduced metabolic rate. The early 
Permian genus Gnaihorhiza is also known to aestivate. 
Numerous specimens are preserved in burrows, still wait- 
ing for the next rainy season. Empty burrows, attributed 
to lungfish, are known from the Carboniferous and, ques- 
tionably from the Devonian. All three living genera of 
lungfish can make use of atmospheric oxygen, and mem- 
bers of the Lepidosirenidae can drown without access 
to the air. 
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Alternative 

RELATIONSHIPS 

Despite extensive study of exceptionally well-pre- 
served fossils of sarcopterygian fish near the begin- 
ning of their radiation in the Devonian, considerable con- 
troversy remains regarding their relationships. Lagios (1979) 
suggests that coelacanths have close affinities with sharks, 
while Wiley (1979) maintains that they are only distantly 
related to the rhipidistians among the bony fish. The po- 
sition of the Dipnoi appears especially contentious. Jarvik 
(1968, 1980) contends that the absence of marginal den- 
tition and fusion of the palatoquadrate to the braincase 
support affinities with holocephalians among the chon- 
drichthyes, rather than to bony fish. Compagno (1979) 
argues that the complete absence of dermal bone in any 
of the chondrichtyan groups demonstrates an almost in- 
surmountable difficulty in establishing close affinities be- 
tween either sharks or holocephalians and the dipnoi. 

The affinities of the sarcopterygians to amphibians 
are also subject to different interpretations. Most authors 
think that the ancestry of all tetrapods can be traced to 
the osteolepiform rhipidistians. Jarvik (1942, 1963, 1980) 
has argued repeatedly that urodeles are unique in having 
arisen from the porolepiforms, while all other tetrapods 
have evolved from osteolepiforms. His arguments have 
been countered by Thomson (1968), Vorobyeva (1975), 
and Schultze (1970). 

Rosen, Forey, Gardiner, and Patterson (1981) have 
attempted to demonstrate that lungfish, not rhipidistians, 
are close to the ancestry of tetrapods. The numerous, 
detailed similarities between amphibians and the well- 
known rhipidistian F.usthenopteron are dismissed as being 
plesiomorphies, rather than indicative of close relation- 
ship, and the many, highly specialized features of the dip- 
noan skull that are evident in even the earliest genera are 
not considered as precluding a close relationship to the 
early amphibians. A number of similarities between dip- 
noans (fossil and living) and amphibians (Paleozoic and 
modern) are discussed, but there is little evidence that any 
of these are unique to the earliest amphibians and Paleo- 
zoic lungfish. Holmes (1985) points out many procedural 
and factual errors in the cladistic analysis by Rosen and 
his colleagues. 

Although there is not a continuous sequence of gen- 
era linking rhipidistians and amphibians, nearly all as- 
pects of the skeleton of primitive amphibians can be traced 
directly to comparable features in well-known rhipidis- 
tians. In no dipnoans, from the Devonian to the Recent, 
is the structure of the skull or appendicular skeleton sim- 
ilar to that of any Paleozoic amphibian. 

In cladistic terms, rhipidistians are a paraphyletic 
group. They almost certainly include the ancestors of am- 
phibians, and they may have given rise to coelacanths and 
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struniiforms as well. The host of shared derived characters 
that link amphibians with osteolepiform rhipidistians could 
be used to ally them in a single taxonomic group that is 
distinct from porolepiforms, coelacanths, and struni- 
iforms. Anatomically and biologically, osteolepiforms 
nevertheless were more similar to these fish groups than 
they are to amphibians (Thomson, 1969). This similarity 
is reflected in their continued classification among the 
crossopterygian fish. 


Summary 

Sarcopterygian fish include four living genera, the 

coelacanth Latimeriq, and the lungfish Neoceratcu 
dus.. Protopterue, and Lepidasiren . J These fish are relics 
of an extensive Paleozoic assemblage that also includes 
the rhipidistians, which gave rise to all tetrapods. Sar- 
copterygians are distinguished from actinopterygians by 
the possession of fleshy lobed fins, two dorsal fins, and 
an epichordal lobe of the caudal fin. Early rhipidistians 
and lungfish have a specialized superficial tissue termed 
cosmine that overlies the laminar and vascular bone of 
the head and scales. Cosmine supports a mosaic pore- 
canal system that resembles electrosensory structures in 
modern sharks and teleosts. The fleshy lobed fins and 
emphasis on nonvisual sensory structures in early sarcop- 
terygians suggest that this group was initially specialized 
toward life near the bottom of dark or turbid water. 

Rhipidistians and dipnoans specialized their skull and 
jaw musculature in divergent ways that resulted in a more 
forceful bite than that of primitive actinopterygians. In 
rhipidistians and their descendants the coelacanths, the 
braincase is ossified in two units that are joined ventrally 
by a large subcephalic muscle. Contraction of this muscle 
lowers the anterior unit and the attached bones of the 
palate and marginal dentition to force the teeth into the 
prey. The braincase in lungfish is a unitary structure to 
which the palate is fused. They have a very large adductor 
chamber extending above the braincase that accommo- 
dates a much larger muscle mass than that of primitive 
actinopterygians and rhipidistians. Specializations of the 
feeding apparatus in rhipidistians and lungfish are evident 
from the very base of the Devonian; these specializations 
are associated with very different patterns of the dermal 
bones of the skull. 

Most of the skeletal features of rhipidistians are com- 
parable to those of the early amphibians. The pattern of 
the skull roof and palate are nearly identical, and the 
proximal bones of the paired limbs of tetrapods are al- 
ready evident in rhipidistians although they retain the 
basic function of fins. 

We recognize three groups of rhipidistians: the prim- 
itive porolepiforms, the osteolepiforms, which bear the 
closest resemblance to amphibians, and the poorly known 


struniiforms. Coelacanths first appear in the middle De- 
vonian and achieved an essentially modern appearance 
by the end of that period. Lower Devonian lungfish had 
already achieved the highly specialized skull structure typ- 
ical of all members of that group. Development of tooth 
plates and changes in the configuration of the fins oc- 
curred rapidly during the Devonian and at a much slower 
rate in the lineages leading to the modern families. The 
habit of aestivation practiced by modern African and South 
American lungfish is evidenced by fossils as early as the 
Lower Permian. 
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The Conquest of Land 
and the Radiation of 
Amphibians 


Amphibians are biological intermediates between bony 
fish and reptiles. They are basically terrestrial animals, 
but many genera lay their eggs in the water and have an 
aquatic larval stage; none have extra-embryonic mem- 
branes. We include two anatomically distinct groups of 
tetrapods among the Amphibia: the living frogs, sala- 
manders, and caecilians and their late Mesozoic and Cen- 
ozoic ancestors, and a much more diverse assemblage 
known from the late Devonian into the early Mesozoic 
(Figure 9-1) (Frost, 1985; Carroll, 1977). 

Paleozoic amphibians gave rise to both the living 
amphibians and, via the reptiles, to all other groups of 
terrestrial vertebrates. Unfortunately, we have not estab- 
lished the specific nature of these relationships and thus 
will consider the Paleozoic amphibians as a unit. 



Figure 9-1. PHYLOGENY OF THE AMPHIBIA. All of the modern and Triassic amphibians, it is not practical to represe 

families, with the exception of minor anuran groups without a fossil separately. For example, we recognize 12 families of er 

record, are indicated. Because of the much greater diversity of Paleozoic families of tuditanomorph and microbrachomorph mici 
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Paleozoic amphibians 

The earliest amphibians were ponderous and clumsy- 
looking animals, over a meter long with large skulls, 
short trunks, and stocky limbs (Figure 9-2 a). These ani- 
mals, the ichthyostegids, are found in late Devonian sed- 
iments from east Greenland (Jarvik, 1980). Their skeletal 
pattern is basic to all terrestrial vertebrates, while the 
proximal limb bones, girdles, vertebrae, and dermal bones 
of the skull are all directly comparable with those of os- 
teolepiform rhipidistians. We have not found any fossils 
that are intermediate between such clearly terrestrial an- 
imals and the strictly aquatic rhipidistians described in 
the previous chapter. 

We recognize many distinct amphibian lineages within 
the Carboniferous. Their basic anatomical patterns can 
be derived from the ichthyostegids, but we have not es- 
tablished their specific interrelationships. 


THE STRUCTURE OF 
PRIMITIVE AMPHIBIANS 

Because they are close to the ancestry of all later land 
vertebrates, the ichthyostegids will be considered in some 
detail. Most of the skeletal features that differentiate early 
amphibians from rhipidistians can be associated with ad- 
aptation to a terrestrial way of life. The following chal- 
lenges to life on land are particularly important: 

1. Support 

2. Feeding 

3. Respiration 

4. Locomotion 

5. Water balance 

6. Sensory input 

7. Reproduction 

Support — structure of the axial skeleton 

The body of rhipidistians and other fish is supported against 

the force of gravity by the surrounding water. Out of the 



Figure 9-2. RECONSTRUCTION OF THE SKELETONS OF DEVONIAN AND MISSISSIPPIAN AM- 
PHIBIANS. (a) Icbthyostega, a primitive labyrinthodont from the Upper Devonian of East Greenland. Original 
about 1 meter long. From jarvik, 195 S. By permission from Scientific Monthly. { b ) Greererpeton, from the 
Upper Mississippian of West Virginia. Length about 1.5 meters. From Godfrey, 1986. (c) Caerorhachis, a 
terrestrial temnospondyl from the Upper Mississippian of Scotland. Approximately 30 cm long. From Holmes 
and Carroll, 1 977. ( d ) Proterogyrinus, a primitive anthracosaur from the Upper Mississippian of West Virginia. 
Approximately 1 meter long. From Holmes, 1984. 
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(<*) internasal 



Figure 9-3. SKULL OF THE LATE DEVONIAN AMPHIBIAN 
ICHTHYOSTEGA. (a) Dorsal, ( b ) ventral, and (e) lateral views. Orig- 
inal about 20 cm long. For abbreviations, see Figure 8-3. Erom Jarvik, 
1980. The actual pattern of sculpturing resembles that of Dendrerpeton 
(Figure 9-17). 

water, elaboration of the vertebral column, ribs, and mus- 
culature of the body wall is required to prevent collapse 
of the body on the gut and lungs and to support the head 
above the ground. 

The notochord in ichthyostegids was still a major 
structural element that was little constricted by the ver- 
tebral centra. As in rhipidistians, it extended through the 
otico-occipital portion of the braincase toward the pitui- 
tary fossa. The pattern of the centra resembles that of 
Eusthenopteron and Osteolepis, with large crescentic in- 
tercentra and small paired pleurocentra; neither were su- 
turally attached to the neural arches (see Figure 9-13 a,b). 
The only major advance we see in the ichthyostegids is 
the development of well-defined zygapophyses that link 
the neural arches with one another. The anterior cervical 
vertebrae are not described in ichthyostegids. Evolution 
of the atlas-axis complex occurred separately in several 
groups of primitive tetrapods following their evolution 
from rhipidistian fish (see Figure 9-12). 



In Eusthenopteron , the ribs are short rods that con- 
nect the neural arches and intercentra. In most tetrapods, 
they extend from the vertebrae to reinforce the body wall. 
In ichthyostegids, extremely massive ribs form a solid 
body wall that supports and protects the lungs and viscera 
and supplements the vertebral column in supporting the 
trunk. Later tetrapods strengthen the vertebral column 
and reduce the ribs. Ribs are attached to all the trunk 
vertebrae and the first several caudal vertebrae in primitive 
tetrapods. Beneath the ilia, sacral ribs are specialized to 
connect the pelvic girdle with the vertebral column. In 
Ichthyostega, the neural and haemal arches of the tail 
support a fishlike caudal fin, which indicates that aquatic 
locomotion must have remained important in this genus 
no matter how well-developed the paired limbs were. 

Support of the head above the substrate is necessary 
in tetrapods for feeding and respiration as well as loco- 
motion. In rhipidistians, the skull is a complex of mobile 
units associated with specialized cranial kinesis. The skull 
roof is in four pieces that are attached to the bipartite 
braincase. When the head was supported by the water 
and connected posteriorly with the operculum and shoul- 
der girdle, these loose attachments created no problems. 
In amphibians, the operculum is lost and the head is freed 
from the shoulder girdle for effective terrestrial feeding 
and locomotion. One of the major changes in the skull 
between rhipidistians and amphibians is a solidification 
of the dermal bones of the skull and their closer integra- 
tion with the braincase. 

In all known amphibians, mobility of the skull roof 
between the parietals and postparietals is lost and the 
supratemporal extends anteriorly across the former line 
of mobility. In ichthyostegids, the skull is further strength- 
ened by the solid attachment of the skull roof to the cheek 
(Figure 9-3). However, these units remain movable rela- 
tive to one another in some groups of early amphibians. 
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In all tetrapods, the medial and lateral extrascapulars 
at the back of the skull table and the major portion of 
the opercular series are lost, and the number of separate 
centers of ossification in the snout region is much reduced 
from the pattern in rhipidistians. Two remnants of the 
opercular series remain in ichthyostegids: a small pre- 
opercular that forms part of the back of the cheek and a 
small subopercular that was apparently suspended in soft 
tissue behind the quadratojugal. 

The skull proportions in most early tetrapods are 
distinct from those of typical rhipidistians. The area an- 
terior to the eyes is much longer and the skull table, par- 
ticularly the postparietals, is much shorter. Several groups 
of early amphibians lose the intertemporal bone. The space 
that this bone occupied in rhipidistians may be incorpo- 
rated into an adjacent bone — in some groups the supra- 
temporal and in others the postorbital or parietal. 

Aside from these changes, there are relatively few 
differences between the pattern of the dermal bones of 
the skull of early amphibians and rhipidistians such as 
Osteolepis and Eustbenopteron (Figure 8-3). Nearly 
all the bones can be directly and unquestionably homol- 
ogized. 

Initially, the palate differs little from that in rhipi- 
distians. The dentition is simplified in Ichthyostega; there 
are two more or less parallel rows of teeth, one on the 
marginal bones and a second, including larger fangs like 
those in rhipidistians, on the ectopterygoid, palatine, and 
vomer. In rhipidistians, the palatoquadrate forms a nearly 
continuous endoskeletal ossification on the dorsal surface 
of the palate. This ossification is progressively reduced in 
amphibians where it becomes concentrated in the areas 
of the epipterygoid and quadrate that articulate with the 
braincase and lower jaw, respectively. In primitive am- 
phibians, the palate is open between the vomers and pre- 
maxillae beneath the olfactory capsules. 

In early amphibians, solid attachment of the brain- 
case to the dermal skull roof and integration of the otico- 
occipital and ethmoid elements of the braincases lag be- 
hind the solidification of the dermal skull roof. In ventral 
view, the otico-occipital element of the braincase in ichthy- 
ostegids resembles that of rhipidistians. The ventral cra- 
nial fissure is still open, and the top of the braincase 
appears to be loosely attached to the skull roof. Other 
early tetrapods evolved a variety of different ways of in- 
tegrating the occipital and otic elements with the skull 
roof. The hyomandibular, which links the cheek and the 
braincase in rhipidistians, remains a large unit (termed 
the stapes in tetrapods) that helps to support the braincase 
against the palatoquadrate (Figure 9-4). 

The ethmoid unit of ichthyostegids resembles that of 
rhipidistians in bearing the basicranial articulation. In all 
other early tetrapods, this articulation with the palate 
becomes associated with the otico-occipital unit (Smith- 
son, 1982). The parasphenoid extends posteriorly, bridges 
the ventral cranial fissure, and underlies the posterior por- 
tion of the braincase. 


Despite the mechanical necessity of integrating the 
skull in early amphibians, the degree of ossification of the 
braincase is markedly reduced. There is no ossification of 
the nasal capsules, and the otic capsules are largely car- 
tilaginous in several groups. Perhaps the need to reduce 
weight in these areas was more important than the re- 
quirements for strength. The space between the ethmoid 
and otico-occipital regions in the area of the Vth nerve is 
also unossified in most groups. 

As in teleosts, the early amphibians show a division 
of the braincase into a number of distinct areas of ossi- 
fication that are not apparent in early bony fish. The 
occipital arch can be differentiated into the ventral basi- 
occipital (filling the opening occupied by the notochord 
in rhipidistians and ichthyostegids), lateral exoccipitals, 




(c) P™ 



Figure 9-4. ( a ) Occipital view of the skull of Greererpeton, an aquatic 

temnospondyl from the Lower Carboniferous, showing the large stapes 
that supports the back of the braincase on the pterygoid. From Smithson, 
1982. (b) Lateral view of the hraincase. Natural size. From Smithson, 
1982. (c) Latetal view of the braincase of the Lower Carboniferous 
anthracosaur Proterogyrimis. From Holmes, 1984. Abbreviations as 
follows: bo, basioccipital; bs, hasisphcnoid; co, exoccipital; opis, op- 
isthotic; pp, postparietal; pro, prootic; ps, parasphenoid; pt, pterygoid; 
q, quadrate; qj, quadratojugal; sph, sphenethmoid; sq, squamosal; t, 
tabular; II, second cranial nerve. 
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and in some forms, a dorsal median supraoccipital. The 
exoccipitals and basioccipital form a variably developed 
occipital condyle for articulation with the first cervical 
vertebra. The exoccipital shows passages for the Xllth 
cranial nerve. Between the exoccipital and otic capsule, 
there is a remnant of the lateral cranial fissure through 
which the Xth cranial nerve passes. 

The otic capsule ossifies as a posterior opisthotic and 
anterior prootic. Ventromedial to the otic capsule, the 
braincase floor is formed by the basisphenoid, which ex- 
tends laterally as the basicranial processes that articulate 
with the palate. This bone is closely associated with the 
otico-occipital elements of the braincase in most amphib- 
ians, rather than with the ethmoid element as it is in 
rhipidistians and ichthyostegids. The ethmoid area of the 
braincase ossifies as a single unit, the sphenethmoid. 

Feeding and respiration 

Because both rhipidistians and most early amphibians have 
large, fanglike palatal teeth and a wide gape, we may 
assume that they were active predators on relatively large 
prey. Rhipidistians presumably relied on the water to pro- 
vide the buoyancy to bring prey into their mouths. Marked 
behavioral, if not structural, changes would have been 
necessary to accommodate terrestrial feeding. Early am- 
phibians would have had to use the jaws to lift up the 
prey and practice inertial feeding to force it back into the 
throat. Since the tongue is not highly modified in the 
primitive members of any of the modern amphibian groups, 
it was almost certainly not specialized to capture or ma- 
nipulate prey in the Paleozoic amphibians (Regal and Cans, 
1976). 

The functional kinesis of the rhipidistian skull was 
certainly lost early in the origin of amphibians. Elongation 
of the snout would lead to a gradual loss in the effec- 
tiveness of kinetic movements, so that they would have 
been negligible in a skull with the proportions of early 
amphibians (Thomson, 1967). There is no evidence for 
the retention of the subcephalic muscles in amphibians. 
The increased size of the adductor chamber and its rel- 
atively more anterior position would have augmented the 
force of the adductor muscles in early tetrapods. 

The early amphibians may have fed in the water or 
on fish stranded at the margins of lakes and swamps. 
There were also several groups of large terrestrial inver- 
tebrates in the late Devonian and Carboniferous that may 
have provided an adequate food supply (Rolfe, 1980). 

We assume that rhipidistians, like other groups of 
primitive bony fish, had functional lungs. However, the 
large size of the hyoid apparatus and the operculum in- 
dicate that gill respiration remained well developed. The 
use of lungs would have been of great advantage for fish 
living in bodies of quiet, shallow water that might be poor 
in oxygen, particularly if they were warm and filled with 
decaying vegetation. Internal nares would have allowed 
the fish to breathe without opening the mouth, although 
this is not necessary for air breathing. 


Both rhipidistians and early tetrapods probably drew 
air into the mouth by depressing the hyoid apparatus to 
expand the oral cavity. Elevating the floor of the mouth 
while the mouth and nostrils were closed would force the 
air back into the lungs. Air could be forced out of the 
lungs by contraction of the elastic tissue in their walls. 
Expansion and contraction of the thoracic cavity in most 
tetrapods (other than modern frogs and salamanders that 
have lost their ribs) results from movement of the ribs, 
but in ichthyostegids, the ribs may have been too closely 
integrated to function in respiration. 

Locomotion — structure and function of the 
appendicular skeleton 

The most conspicuous differences between rhipidistians 
and amphibians are in the appendicular skeleton. These 
differences are associated with the evolution of terrestrial 
locomotion. In rhipidistians, as in most fish, swimming 
occurred primarily by lateral undulation of the trunk, and 
the main muscles for locomotion were concentrated in 
the body, not in the fins. The paired fins in rhipidistians 
were used primarily for steering and braking. Because they 
extended ventrally beyond the body, they could have been 
used to push the fish along the bottom when the body 
was submerged and supported by the buoyancy of the 
water. 

The rhipidistians were unique among Paleozoic fish 
in having thick, lobate paired fins with a pattern of prox- 
imal bones that is directly comparable with that of tetra- 
pods. However, their function, as Andrews and Westoll 
(1970a, b) determined was very different. Both the glenoid 
and acetabulum face posteriorly and only slightly lat- 
erally. The humerus and femur were held close to the 
body, which restricted lateral or rotational movement. 
The distal ends of these bones may have been capable of 
moving in a dorsoventral arc of 15 to 20 degrees. The 
preaxial margin of both fins was directed ventrolaterally 
(Figure 9-5). 

The ulna and radius articulate with the distal end of 
the humerus. This joint could bend freely and accounted 
for most of the fin’s mobility. The more distal elements 
of the forelimb were capable of some movement on the 
ulna and radius, but there is no major joint comparable 
to the carpus in tetrapods. Beyond the “elbow,” the fin 
functioned as a relatively stiff paddle. The orientation and 
movement of the rearlimb appear very similar to the fore- 
limb. Bending, and to a lesser extent, twisting, occurred 
at the “knee” joint, and the remainder of the fin was stiff. 

In amphibians, the shoulder girdle is functionally sep- 
arate from the skull. The dorsal supracleithrum and an- 
ocleithrum are lost, but the lateral cleithrum and clavicle 
are retained and the interclavicle is elaborated as a major 
midventral unit. The endoskeletal shoulder girdle in rhip- 
idistians is attached to the inner surface of the cleithrum. 
The same relationship is retained in ichthyostegids, al- 
though the scapula is relatively larger and a ventral, cor- 
acoid area is added (Figure 9-6). The orientation of both 


162 


CONQUEST OF LAND AND RADIATION OF AMPHIBIANS 


(a) 



Figure 9-5. RANGE OF MOVEMENTS OF THE PECTORAL FIN 
OF THE RHIP1DIST1AN EUSTHENOPTERON. Anterior view of the 
left forelimb (a) with the fin skeleton in extended position, (b) with the 
elbow joint flexed, and (c) with the elbow flexed and the ulna and radius 
rotated preaxially. Abbreviations as follows: h, humerus; r, radius; u, 
ulna. From Andrews and Westoll, 1970a. 

the glenoid and acetabulum is significantly altered. Both 
are much larger and face primarily laterally rather than 
posteriorly, so that the humerus and femur extend at nearly 
right angles to the trunk. 

In the early amphibians, the structure of the limb 
joints and the distal portion of the limb are considerably 
remodeled. The major joints of the forelimb and hind limb 
differ from one another in their structure and function in 
tetrapods (Figure 9-7). The forelimb is bent and twisted 
at the elbow in a manner presaged in the rhipidistians, so 
that the lower extremity of the ulna and radius face for- 
ward. The carpus forms a simple hinge joint between the 
ulna and radius and the manus. In the rear limb, the knee 
forms a hinge and the lower end of the tibia and fibula 
face more or less laterally. The ankle must both twist and 
hinge to bring the foot into an anteriorly facing orien- 
tation. 

In primitive tetrapods, the limbs are extended for- 
ward and away from the trunk during locomotion and 
the axial musculature pulls the body toward the extended 
limb, following the same pattern of undulatory move- 
ments as in fish. The side of the body toward the extended 
limb is raised and then lowered as the limb is retracted. 

The function of the limbs in early tetrapods has been 
interpreted by comparing them with those in living am- 
phibians and reptiles. The primitive features of locomo- 


tion common to both groups can logically be attributed 
to their ancestors in the Paleozoic. We can also study the 
pattern of limb movements in early tetrapods on the basis 
of numerous fossil footprints that are known as early as 
the Devonian. 

Holmes (1980) shows that the specific configuration 
of the articulating surface of the glenoid, humerus, and 
ulna results in closely controlled, stereotyped movements 
(Figure 9-8). As the humerus is pulled forward at the 
initiation of the stride, it is twisted so that the ulna and 
radius assume their most anterior position. At this point, 
the entire limb is nearly horizontal and the body is closest 
to the ground. As the humerus is retracted (and the body 
pulled forward), it is twisted so that the ulna and radius 
become vertical. The body is then raised by the muscles 
that depress the distal end of the humerus. As the humerus 
achieves its most posterior position, the movement of its 
proximal end across the glenoid results in raising the distal 
end so that the body again approaches the ground. The 
reduction in the angle made by the humerus on the ulna 
and radius move the body laterally to bring it over the 
hand. 
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Figure 9-6. (a) Pectoral and (b) pelvic girdles of Ichthyostega, x L 

From Jarvik, 1955 , (by permission from Scientific Monthly ) and 1965, 
respectively. 
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Figure 9-7. DIAGRAM SHOWING THE POSTURAL SHIFT IN THE 
PAIRED LIMBS IN THE TRANSITION BETWEEN FISH AND AM- 
PHIBIANS. (a-c) pectoral limb; (d-f) pelvic limb, (a and d) Fish po- 
sition; ( b and e) transitional stage; (c and f) amphibian position. From 
Romer, 1949. Copyright © 1977 by W. B. Saunders Company. Re- 
printed by permission of CBS College Publishing. 

The wrist joint in amphibians evolved from the distal 
end of the rhipidistian fin. The long, overlapping elements 
in the rhipidistians appear designed to resist bending in 
this area. The long bones may have been “broken up” 
developmentally to form the mosaic of carpals and me- 
tacarpals and elaborated distally as phalanges. The car- 
pals and manus are not known in Ichthyostega, but they 
are presumably comparable in their stage of evolution to 
the tarsus and pes which already show the basic features 
of later amphibians. 

The general configuration of the carpus in amphib- 
ians and early reptiles is sufficiently similar to suggest that 
they diverged from a common ancestral pattern (Figure 
9-9). From the fish, they directly inherit the ulnare and 
intermedium, which articulate with the end of the ulna. 
A small lateral element, the pisiform, articulates with the 
distal end of the ulna and the margin of the ulnare. Fish 
have no bone in this position. The pisiform apparently 
evolved when the carpal joint formed in association with 
muscles that flex and extend the carpus and extend the 
lower limb laterally. One might think of the radius, a 
much longer element in the fish, as ossifying in two units 
in amphibians — the radius proximally and a separate dis- 
tal radiale that remains functionally integrated with the 
radius in most primitive tetrapods. One or more bones, 
termed centralia, occur lateral to the radiale. A row of 
distal carpals, probably five in the primitive state, com- 
plete the carpus. 

Among primitive amphibians, two patterns of the 
digits of the hand are common. There may be five digits 
with a phalangeal count of 2, 3, 4, 5, 3, or four digits 
with a phalangeal count of 2, 3, 3, 3. The larger number 
appears in several groups and may represent the primitive 
condition. 

The pelvis in Ichthyostega and other tetrapods is 
formed from three centers of ossification, the pubis, ilium, 


and ischium, that are suturally attached to one another 
(see Figure 9-6). The acetabulum develops at the center 
where the three bones meet. The left and right halves of 
the girdle are joined in a symphysis that is formed pri- 
marily by the pubes in primitive genera. Contact between 
the ischia is strengthened in later tetrapods. The ilium 
extends dorsally to be supported by the sacral rib. The 
pubis and ischium form a large platelike surface that faces 
ventrolaterally to which muscles that raise the body on 
the femur are attached. 

The femur in early tetrapods differs little from that 
in rhipidistians. The proximal articulating surface is ter- 
minal and more or less hemispherical. Much more free- 
dom of rotation is possible at this joint than in the pectoral 
limb. Again as in rhipidistians, the tibia and fibula have 
a hingelike articulation with the end of the femur that 
allows little rotation at this joint. Rotation, as well as 
bending, must occur at the ankle joint, and the foot as a 
whole is rotated through a considerable arc during lo- 
comotion, in contrast with the hand. In general, the struc- 
ture of the joint surfaces exert much less specific control 
in the hindlimb than in the forelimb. Two groups of mus- 
cles — a large mass that is attached ventrally and extends 



Figure 9-8. DIAGRAM OF THE RIGHT FORELIMB OF THE PRIM- 
ITIVE AMPHIBIAN PROTEROGYRINUS TO SHOW MOVEMENT 
DURING LOCOMOTION, (a and b ) Lateral views; (c and d) anterior 
views; ( e and f) dorsal views, (a, c, and e) Most anterior (extended) 
position; (b, e, and f) most posterior (retracted) position. Movement of 
the limbs in primitive tetrapods is largely controlled by the shape of the 
articulating surfaces. As in many early tetrapods, the carpus is poorly 
ossified. From Holmes, 1980. 
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Figure 9-9. THE CARPUS OF EARLY TETRAPODS. ( a ) The an- 
thracosaur UmnosceUs. From Williston, 1925. ( b ) The temnospondyl 
Eryops. From Williston, 1925. Reprinted by permission of Harvard 
University Press, (c) The microsaur Pantylus. From Carroll and Gaskill , 
1978. All from the Lower Permian. Abbreviations as follows: c, centrale; 

1, intermedium; pis, pisiform; ra, radiale; ul, ulnare; 1-5, distal carpals; 
i-v, metacarpals. 

from the puboischiadic plate to the femur and a group 
that extends anteriorly from the base of the tail — control 
the movement of the hindlimb. The body is not lifted far 
from the ground by the stride of the rear limb. 

The tarsus and pes in Ichthyostega presage the con- 
ditions in all other early tetrapods (Figure 9-fO). The 
fibulare and intermedium, which articulate with the distal 
end of the fibula, are directly inherited from rhipidistians. 
The tibiale is developed distal to the tibia, as are several 
centralia. As in most primitive tetrapods, Ichthyostega has 
five distal tarsals and five digits. Like several groups of 
primitive tetrapods, this genus has a phalangeal count of 

2, 3, 3, 3, 3. Other Paleozoic amphibians and primitive 
reptiles have a phalangeal count of 2, 3, 4, 5, 4. Reduction 
in the number of phalanges is common in tetrapods, and 
the larger number may be primitive for amphibians, al- 
though both patterns may have evolved separately when 
the foot evolved from the rhipidistian fin. It is also con- 
ceivable that additional phalanges were added from a 
configuration such as that in Ichthyostega. 


Water balance 

As long as they were in the water, rhipidistians had no 
problem with dessication, and those genera living in fresh 
water probably excreted dilute urine to counter the intake 
of excess water into the tissues. Once on dry land, early 
amphibians would have been subject to to serious water 
loss through the mouth, lungs, and general body surface. 
Water would also have been lost through the gills, if they 
were retained in semiterrestrial forms. The heavy scales 
in most primitive genera may have slowed water loss over 
the body surface, but initially the skin was probably no 
less permeable than that of their fish ancestors. If cuta- 
neous respiration were of importance in Paleozoic am- 
phibians, water loss would have been a particularly se- 
rious problem as it is in modern amphibians. 

Sense organs 

The physical and chemical differences between water and 
air required reorganization of many sensory structures 
between rhipidistians and fully terrestrial vertebrates. The 
lateral line canals of fish would not function on land 
because of the thousandfold difference in the density of 


Figure 9-10. THE TARSUS OF EARLY TETRAPODS. (a) Ichthyos- 
tega. From Jarvik, 1 952. ( b ) The temnospondyl Trematops. From Greg- 
ory, 1951. (c) The anthracosaur Proterogyrinus. From Holmes, 1984. 
(d) The microsaur Tuditanus. From Carroll and Gaskill, 1978. In the 
microsaur, the tibiale, intermedium, and proximal centrale have become 
coossified to form an astragalus. In Proterogyrinus, the tibiale is in the 
process of fusing with a proximal centrale. Abbreviations as follows: 
ast, astragalus; c, centrale; cal, calcaneum; fib, fibulare; i, intermedium; 
tib, tibiale; 1—5, distal tarsals; i-v, metatarsals. 
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air and water and would have been an additional source 
of water loss. The lateral line canals of both rhipidistians 
and ichthyostegids are surrounded by the bones of the 
skull, but they are conspicuously exposed in many Paleo- 
zoic amphibians that are secondarily aquatic. In more 
terrestrial amphibians, they are completely lost. 

The difference between the refractive index of air and 
water required a change in the effective focal length of 
the lens of the eye but did not require a fundamental 
change in other structures associated with vision. The 
presence of a nasolacrimal duct in rhipidistians presum- 
ably indicates that both the eye and the olfactory epithe- 
lium of the nostril were bathed in water and so could 
continue to function in the air. However, airborne odors 
probably had much different properties than those en- 
countered by most fish and may have required long-term 
modification of the olfactory epithelium. 

The semicircular canals are much larger in rhipidis- 
tians and other fish than in tetrapods. Bernacsek and Car- 
roll (1981) suggest that this difference may be related to 
the mechanical separation of the head and trunk in te- 
trapods. The dimensions of the semicircular canals are 
proportional to the mass of the animal within each group, 
but their size in the tetrapods is logically associated with 
the head alone, since the canals are of little significance 
in measuring the orientation of the remainder of the body. 

In reptiles, mammals, and birds, stretch receptors in 
the muscles of the trunk and limbs monitor the orientation 
of the body and limbs. Fish in general lack muscle stretch 
receptors. The lateral line canals on the body may have 
served a similar function in monitoring the body move- 
ments associated with locomotion. Stretch receptors are 
poorly developed in modern salamanders and caecilians, 
which suggests that they evolved slowly within primitive 
amphibians (Bone, Ridge, and Ryan, 1976). We may cor- 
relate the probable absence of muscle stretch receptors in 
the earliest tetrapods with their stereotyped pattern of 
locomotion, which is controlled largely by the configu- 
ration of the joint surfaces. 

Many modern fish have specialized structures (such 
as the Weberian ossicles in the Ostariophysi) to detect 
airborne vibrations. Thomson (1966) suggested that rhip- 
idistians used their operculum as a tympanum to detect 
airborne sounds in the manner of modern reptiles, birds, 
and mammals. If we consider the fact that both reptiles 
and mammals later evolved very different structures to 
detect airborne vibrations and evaluate the structure of 
the middle ear region in rhipidistians, it seems probable 
that their ability to hear airborne sounds must have been 
limited to those of very low frequency and high intensity 
(Wever, 1965). A tympanum and a lightweight stapes 
evolved independently in several lines of primitive tetra- 
pods (see Chapters 11 and 17), but sensitivity to high- 
frequency airborne sounds was probably little developed 
among early amphibians. 

In most groups of early tetrapods, the stapes was a 
stout, ventrally directed rod. Because of its large size, it 
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would not have served effectively to transmit vibrations 
but probably functioned primarily to support the brain- 
case against the cheek (see Figure 9-4) (Carroll, 1980). 
The embayment above the squamosal in Ichthyostega and 
some other early labyrinthodonts may represent the area 
that was occupied by the operculum in rhipidistians. In 
the aquatic stage, the embayment may have surrounded 
a spiracle rather than being an area for support of a tym- 
panum as has frequently been assumed (Panchen, 1985). 

Reproduction 

The early amphibians probably retained a mode of re- 
production like that of most actinopterygian fish, which 
have external fertilization and lay large numbers of small 
eggs in the water. Fossils of larval stages with external 
gills are known among various genera of Paleozoic am- 
phibians (Figure 9-11). Like some lungfish and primitive 



Figure 9-11. LARVAL AMPHIBIANS. ( a ) Reconstruction of “Bran- 
chiosaurus," a larval labyrinthodont from the Lower Permian of Europe. 
Some species with this general pattern mature into terrestrial forms, 
while others are apparently neotcnic, reaching sexual maturity without 
undergoing metamorphosis. Approximately natural size. From Boy, 1971. 
( b ) Much earlier larval stage of a Paleozoic amphibian, x 2. From Hey- 
ler, 1975. (c) Diagrammatic reconstruction of an intermediate stage in 
development. From Boy, 1974. ( d ) Larva of the Lower Cretaceous pipid 
frog, Shomronella , X If. From Estes, Spinar, and Nevo, 1978. ( e ) Larva 
of a modern species of Pipa, x If. From Estes , Spinar, and Nevo, 1978. 
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living actinopterygians, rhipidistians may also have had 
external gills in early developmental stages, but there is 
no fossil evidence. 

Early tetrapods probably emerged onto the land only 
when a basically adult morphology was achieved. There 
is no reason to believe that Paleozoic amphibians had a 
marked metamorphosis such as that which characterizes 
modern frogs. 


The origin of 

AMPHIBIANS 

We may interpret the absence of any fossils inter- 
mediate between rhipidistians and amphibians as evi- 
dence of either very rapid evolution or of evolution over 
a relatively long period of time, during which intermediate 
forms were rare or lived in environments in which fos- 
silization was unlikely. A skeletal pattern appropriate to 
the ancestors of amphibians is evident in middle Devonian 
rhipidistians such as Osteolepis and Gyroptychius. At least 
20 million years may have been available for the evolution 
of the amphibian appendicular skeleton before the ap- 
pearance of the ichthyostegids in the late Devonian. How- 
ever, the requirements of locomotion and support prob- 
ably necessitated dramatic and rapid change. It is difficult 
to envisage long-term adaptation to an environment in- 
termediate between that of rhipidistians and tetrapods. 

Romer (1957b) suggested that the rhipidistians an- 
cestral to amphibians elaborated the limbs to move from 
pond to pond in areas of seasonal drought. The avail- 
ability of food on land and freedom from competition 
with more conservative rhipidistians may also have con- 
tributed to the selective pressures favoring the evolution 
of tetrapod limbs. 

Of the adequately known rhipidistians, the osteolep- 
iforms seem more appropriate ancestors than do the po- 
rolepiforms, although the structure of the limbs is too 
poorly known in the latter group for comparison. The 
genus Panderichthys (Vorobyeva, 1980, Schultze and Ar- 
senault, 1985) appears particularly close to amphibians 
in the loss of mobility between the postparietals and pa- 
rietals and the elongation of the snout. Unfortunately the 
appendicular skeleton remains poorly known. 

We can recognize many amphibian lineages within 
the Carboniferous. It has long been assumed that these 
groups had a common ancestor that was already a tetra- 
pod. Several groups from among the rhipidistians may 
have approached the amphibian level of organization. By 
analogy, we have seen that several lineages within the 
Chondrostei approached the level of the neopterygians. 
However, there is no definite evidence indicating that te- 
trapods had multiple origins. Other aspects of the origin 
and early radiation of terrestrial vertebrates are discussed 
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in The Terrestrial Environment and the Origin of Land 
Vertebrates, edited by Panchen (1980a). 

In the absence of adequate fossil evidence, two models 
of early amphibian radiation may be considered. The early 
differentiation of amphibians might have had a pattern 
that was similar to mammalian or teleost evolution in the 
early Tertiary, with a sudden wide adaptive radiation and 
a great increase in numbers. On the other hand, if one 
takes into account the challenges encountered by the de- 
scendants of the rhipidistians in the new terrestrial en- 
vironment, it is possible that only a few highly specialized 
groups were present, as is the case in the modern fauna 
of arctic mammals and deep-sea fish. 

We know from the presence of numerous groups in 
the late Mississippian and early Pennsylvanian that several 
lineages must have been present in the early Carbonifer- 
ous, but individuals may have been rare and groups little 
differentiated. The similarity of amphibians on the two 
sides of what is now the Atlantic Ocean and from several 
localities in Great Britain suggests that there were only a 
few genera that were fairly widespread geographically and 
may have had broad ecological tolerance (Smithson, 1980). 




Figure 9-12. (a) Atlas-axis complex of the early anthracosaur Proter- 

ogyrinus showing the multipartite structure common to most labyrin- 
thodonts; lateral and anterior views, x 2. A further small paired element, 
the proatlas, links the atlas arch with the exoccipital. From Holmes, 
1984. ( b ) First cervical vertebra of the microsaur Euryodus showing 
pattern common to lepospondyls, in which the first vertebra is a unitary 
structure, x4.5. The articulating surface with the skull is very broad, 
limiting lateral movement of the head. From Carroll and Gaskill, 1978. 
Abbreviations as follows: aa, atlas arch; ax, axis arch; atic, atlas inter- 
centrum; axic, axis intercentrum; pea, pleurocentrum of atlas; peax, 
pleurocentrum of axis. 
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The radiation of 

PALEOZOIC AMPHIBIANS 

Two major groups of Paleozoic amphibians have long 

been recognized, the labyrinthodonts and the lepo- 
spondyls. The labyrinthodonts, characterized by genera 
such as lebtbyostega, apparently evolved directly from 
the rhipidistians and may have a single common ancestor. 
The lepospondyls are a heterogeneous assemblage of groups, 
each of which may have evolved independently from early 
labyrinthodonts. Many of the features that characterize 
labyrinthodonts are primitive attributes retained from the 
rhipidistians: labyrinthine infolding of the dentine (from 
which the name of the groups is derived); conspicuous 
fangs on the marginal bones of the palate, each of which 
is associated with a large replacement pit; and vertebral 
centra composed of more than one element per segment. 
The presence of well-developed limbs clearly differentiates 
labyrinthodonts from rhipidistians, but the basic pattern 
is shared with all other tetrapods. 

An important advanced feature of most labyrintho- 
donts, with the exception of the ichtyostegids, is a spe- 
cialized atlas-axis complex composed of several units that 
forms a ringlike attachment with the occipital condyle 
(Figure 9-12). 

Many labyrinthodonts have an embayment of the 
posterior margin of the cheek, which is termed an otic 
notch and has been interpreted as supporting a tym- 
panum. The embayment may have been retained from the 
rhipidistians, but the presence of a tympanum is almost 
certainly not a primitive feature of labyrinthodonts. Prim- 
itive labyrinthodonts are relatively large (up to a meter 
or more in length) compared with most rhipidistians and 
lepospondyls. 

Lepospondyls usually lack labyrinthine infolding of 
the dentine. None had conspicuous fangs on the palate 
associated with replacement pits. They typically have only 
a single central element per segment, but intercentra and/or 
haemal arches are reported in some groups. Most are 
small, and none had an otic notch supporting a tym- 
panum. In this assemblage, the first cervical vertebra is 
functionally a single ossification that either fits into a 
recess at the back of the skull or has a broad strap-shaped 
surface for articulation with widely spaced exoccipitals 
(Figure 9-12 b). 

LABYRINTHODONTS 

We may divide the labyrinthodonts into two large groups — 
the temnospondyls and the anthracosaurs (or batracho- 
saurs). The pattern of the vertebral centra is one of the 
most important features that differentiates them from one 
another. Most temnospondyls have large crescentic in- 
tercentra and small, paired pleurocentra (Figure 9-13). 


Anthracosaurs are typified by the elaboration of the pleu- 
rocentrum as the major element of support and the re- 
duction of the intercentrum. 

The skull roof is solidly attached to the cheek in 
temnospondyls, and the tabular is small and separated 
from the parietal by the supratemporal (see Figure 9-14). 
The manus has four toes and a phalangeal count of 2, 3, 
3, 3, and the pes has five toes with a count of 2, 3, 3, 3, 
3. The skull is marked by a regular pattern of rounded 
pits or grooves that are separated by anastomosing ridges 
(Romer, 1947). 

The skull roof of anthracosaurs is loosely attached 
to the cheek, except in specialized genera. The tabular is 
large and attaches to the parietal. It frequently extends 
posteriorly beyond the occiput. The manus has five toes 
and a phalangeal count of 2, 3, 4, 5, 3, and the pes has 
one or more extra phalanges on the fifth digit. The skull 
is usually marked by fine radiating grooves. 

Unfortunately, we cannot use broader biological cri- 
teria to differentiate these groups. Both temnospondyls 
and anthracosaurs radiated extensively in aquatic, sem- 
iaquatic, and terrestrial habitats in the late Paleozoic. The 
most significant differences between temnospondyls and 
anthracosaurs may be in locomotor patterns that are re- 
lated to the elaboration of different vertebral elements. 
However, we have not established the functional differ- 
ences between these vertebral patterns. 

Temnospondyls and anthracosaurs both exhibit a 
mosaic of skeletal characteristics. Some resemble the con- 
dition in rhipidistians and others are more specialized. 
We cannot determine which group is generally more prim- 
itive. The vertebrae in anthracosaurs are more specialized, 
as is the configuration of the tabular. However, the mo- 
bility of the skull table and cheek seems to be retained 
from the rhipidistian condition, as is a closed palate with 
the pterygoids approaching the midline. Temnospondyls 
develop an open palate with large interpterygoid vacuities 
between the parasphenoid and the pterygoid. 

The development of a more solid attachment of the 
braincase to the dermal bones of the skull appears to have 
occurred separately in the two groups. Anthracosaurs 
evolved a bony attachment between the otic capsule and 
the skull table at an early stage. Temnospondyls rely more 
on the palate and cheek for braincase support, and the 
otic capsules were slow to ossify. 

Some early labyrinthodonts do not fit into these two 
categories. The ichthyostegids have been placed in a sep- 
arate order because they retain such primitive cranial 
characteristics as the persistence of the notochord within 
the occipital element of the braincase and a parasphenoid 
that was restricted to the area anterior to the ventral 
cranial fissure. They are specialized in the loss of the in- 
tertemporal and the medial fusion of the postparietals, 
which preclude them from ancestry to any of the more 
advanced groups of labyrinthodonts. Except for the struc- 
ture of the hand (which is unknown) they fit most of the 
criteria used to identify temnospondyls and they may rep- 
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Figure 9-13. l.ABYRINTHODONT VERTEBRAE. !a) Eusthenop- 
teron, from the Upper Devonian, a rhipidistian illustrating the pattern 
that apparently gave rise to that of early amphibians. From Jarvik, 1 955. 
By permission from Scientific Monthly, (b) Ichthyostega, from the Upper 
Devonian. From Jarvik, 1955. By permission from Scientific Monthly. 
(c) Eryops, which illustrates the typical temnospondyl pattern. Note the 
small paired pleurocentra and large crescentic intercentra. From Moul- 
ton, 1974. (d) Mastodonsaurus, which shows the pattern typical of 
“stereospondyls,” in which the intercentrum has become the dominant 
element. From Panchen, 1967. ( e ) Doleserpeton, a small temnospondyl 
in which a large crescentic pleurocentrum is the major central element. 
From Bolt, 1969. With permission from Science. Copyright 1969 by 


The American Association for the Advancement of Science. (/) Central 
elements of Crassigyrinus in lateral and anterior views. From Panchen, 
1 980. (g) Vertebra possibly associated with loxommatid. From Panchen, 
1980. (h) Proterogyrinus, a primitive anthracosaur; pleurocentra and 
intercentra are both crescentic. From Holmes and Carroll, 1 977. ( i ) The 
embolomere Eogyrinus; both intercentra and pleurocentra are complete 
cylinders. From Panchen, 1 966. By permission of the Zoological Society 
of London. (/ and k) Seymouria in lateral and anterior views. Note the 
widely expanded neural arches. From Panchen, 1967, and Gregory, 
1951, respectively. Courtesy of the Library Services Department, Amer- 
ican Museum of Natural History. Abbreviations as follows: a, arch; ic, 
intercentrum; pc, pleurocentrum. 
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Figure 9-14. SKULLS OF LABYRINTHODONTS. (a) Crassigyrinus 
of uncertain relationships. After Pancben, 1985. ( b ) The primitive, sec- 
ondarily aquatic temnospondvl Greererpeton. From Smithson, 1982. (c) 
N eldasaurus, a Lower Permian aquatic temnospondyl. From Chase, 
1965. ( d and e) The eryopid Eryops. The skull roof and palate show 
absence of the intertemporal bone and the development of sutural at- 
tachment between the palate and base of the braincase. From Sawin, 
1941. If) Rbinesucbus, an Upper Permian rhinesuchoid. After Watson, 


1962. ( g ) Metaposaurus , an Upper Triassic metoposaur. From Colbert 
and lmbrie, 1956. ( h ) Wantzosaurus, a trematosauroid. After Lehman , 
1961. ( i ) Batrachosuchus, a brachiopoid. From Watson, 1956. (/) Sey- 
mouria, an anthracosaur in which the cheek is solidly attached to the 
skull roof. From White, 1 939. ( k ) I.imnoscelis, an anthracosaur in which 
the postorbital has taken over the area once occupied by the intertem- 
poral. From Romer, 1946. Abbreviations as in Figure 8-3. 
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resent an early offshoot from that assemblage. If so, the 
loss of the anterior extension of the notochord must have 
occurred separately in temnospondyls and anthracosaurs. 

Crassigyrinus (Figure 9-14) from the early Carbon- 
iferous is more difficult to classify (Panchen, 1985). The 
cheek is movable on the skull roof, as in anthracosaurs, 
but the tabular does not extend as far forward as the 
parietal. The sculpturing resembles that of most tcmno- 
spondyls, but the vertebral column appears to consist of 
intercentra and pleurocentra that ossify as crescents of 
roughly equal size (see Figure 9-13/). The skull is large, 
with the jaw articulation far to the rear. The orbits are 
very close to the midline, in contrast with all other early 
tetrapods. This animal appears to share almost equally 
the characteristics of temnospondyls and anthracosaurs 
and may represent another distinct lineage that did not 
have an extensive radiation. 


Lower Carboniferous temnospondyls 
In the late Mississippian, temnospondyls are represented 
by several distinct groups that cover a broad range of 
adaptive types. The best known are the colosteids, rep- 
resented by Pholidogaster and Greererpeton (see Figures 
9-2 b, 9-4). These animals have very elongated bodies, up 
to 40 presacral vertebrate, and relatively small limbs. The 
skull is flattened, lacks an otic notch, and has open grooves 
for the lateral line canals. Were it not for the earlier ap- 
pearance of the more terrestrial ichthyostegids, we might 
think that these genera represent an early stage in the 
development of a terrestrial way of life. Instead, this group 
was probably secondarily aquatic, with the limbs reduced 
and the trunk elongated relative to more primitive tetra- 
pods. The resulting body proportions and the probable 
pattern of aquatic locomotion are quite different from the 
rhipidistians. 

Greererpeton (see Figure 9-4 a) retains a large stapes 
that supports the braincase on the palatoquadrate. The 
otic capsule is incompletely ossified, and the occipital arch 
is weakly attached to the skull roof. This pattern may 
represent a more primitive stage in the consolidation of 
the braincase and dermal skull than is shown by any 
amphibians other than the ichthyostegids (Smithson, 1982). 
Colosteus, from the Upper Pennsylvanian, is a late sur- 
viving member of this group (Hook, 1983). 

The trimerorhachids (Figure 9- 14c) and saurerpeton- 
tids of the late Pennsylvanian and Permian resemble the 
colosteids in general body proportions, but they may rep- 
resent a separate group of secondarily aquatic temno- 
spondyls in which the intertemporal bone is retained and 
shallow otic notches are present. 

A further group of aquatic labyrinthodonts is rep- 
resented by the late Mississippian and Pennsylvanian lox- 
ommatoids, which Beaumount (1977) recently described 
(Figure 9-15). We know almost nothing of the postcranial 
skeleton of this group. The skulls show a combination of 
primitive and specialized characteristics. The palate is closed 


as in rhipidistians and anthracosaurs. As in temnospon- 
dyls, the tabular is small and does not reach the parietal, 
and the cheek and skull roof are sutural ly attached. As 
in anthracosaurs, the otic capsule extends to the tabular, 
which provides a strong attachment between the back of 
the braincase and the skull. Loxommatoids are unique 
among Paleozoic tetrapods in the anterior extension of 
the orbital margin which results in a keyhole-shaped open- 
ing. They have well-developed “otic notches” and con- 
spicuous lateral line canal grooves. Vertebrae that may 
be associated with loxommatoids resemble those of Cras- 
sigyrinus, with crescent-shaped intercentra and pleuro- 
centra. Although loxommatoids are usually classified among 
the temnospondyls, they may represent a distinct group 
of labyrinthodonts that, like the ichthyostegids and the 
crassigyrinids, show only a modest radiation. 

Caerorhachis from the Upper Mississippian is the 
sole representative of a third group (see Figure 9-2 c). Holmes 
and Carroll (1977) show that it was a more terrestrial 
form than were the colosteids, with body proportions like 
those of Ichthyostega. It has 32 presacral vertebrae and 
well-developed limbs. Lateral line canals are missing. The 
sculpturing and pattern of the skull are typical of later 
temnospondyls, except for the apparent absence of an otic 
notch. Surprisingly, the dominant vertebral elements are 
the pleurocentra, rather than the intercentra. Large pleu- 
rocentra in an animal that would otherwise be classified 
as a tcmnospondyl suggests that vertebral patterns vary 
in response to locomotor adaptations and may not be a 
reliable guide to taxonomic affinities. 

A further group of terrestrial temnospondyl amphib- 
ian with small paired pleurocentra have recently been 
reported (but not yet described) from the Lower Carbon- 
iferous of Scotland (Milner, Smithson, Milner, Coates, 
and Rolfe, 1986). They appear to be close to the ancestry 
of a host of genera with this vertebral pattern in the late 
Carboniferous and Lower Permian (see Figure 9-13c). These 
advanced temnospondyls are further characterized by 
having well-developed otic notches. 

The impedance-matching ear 

Interpretations of the function of the otic notch and mid- 
dle ear have played an important part in discussions of 
the relationships of early amphibians and reptiles. We 
long assumed that the stapes of the earliest amphibians 
was an important element in transmitting airborne vibra- 
tions to the inner ear. The embayment of the posterior 
margin of the cheek, which is present in most labyrin- 
thodonts, has been interpreted as having evolved to sup- 
port a tympanum. 

Capranica (1976) and Wever (1978) performed phys- 
iological studies of the function of the ear in modern 
amphibians and reptiles that provided much more infor- 
mation on the specific function of the stapes and tym- 
panum. As a result, we must reevaluate their role in Pa- 
leozoic tetrapods. 
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Figure 9-15. Megalocephalus, a loxommatoid skull in (a) dorsal, (b) 
palatal, and (c) occipital views, (d) medial and (t>) lateral view of lower 
jaw, xj. Abbreviations as in Figure 8-3. From Beaumont, 1977. 

In modern frogs, reptiles, and mammals, the middle 
ear functions as an impedance-matching mechanism to 
amplify the force that impinges on the tympanum and 
compensate for the thousandfold difference in density be- 
tween the air outside the ear and the fluid within the inner 
ear (Figure 9-16). This force is magnified by an amount 
proportional to the difference in area between the tym- 
panum and the foot plate of the stapes. The stapes must 




be small and light to reduce its inertia and be suspended 
in an air-filled cavity. If the stapes is the primary ear 
ossicle, it is most effective when it is oriented perpendic- 
ular to the tympanum. In modern genera sensitive to high- 
frequency sounds (above 1 000 hertz), the ratio of the area 
of the tympanum to the stapedial foot plate is approxi- 
mately 20 to 1. 

The massive platelike stapes of Greererpeton and early 
anthracosaurs would not have functioned effectively as 
part of such an impedance-matching system, nor would 
the stapes in early reptiles or any of the lepospondyl groups. 
Upper Carboniferous temnospondyls such as Atnphiba- 
mus (Bolt, 1977) are the earliest known vertebrates with 
a stapes that was small enough to have functioned in this 
manner. These genera also have an otic notch that could 
have supported a tympanum large enough to contribute 
effectively to an impedance-matching system. 

Advanced temnopondyls 

Romer (1947) recognized two superfamilies of Upper Car- 
boniferous and Lower Permian temnospondyls — the edo- 
poids and the eryopoids. The edopoids, such as Den- 



172 


CONQUEST OF LAND AND RADIATION OF AMPHIBIANS 


Inner ear 



Figure 9-16. Diagrammatic representation of the ear of a lizard that 
illustrates the basic components of an impedance matching system. The 
large tympanum transmits vibrations via the small, light columella (sus- 
pended in an air-filled chamber) to the oval window of the middle ear. 
The greater area of the tympanum relative to the foot plate of the stapes 
mechanically amplifies the force impinging on the ear drum to com- 
pensate for the differential in density between the fluid of the inner ear 
and the outside air. From Robinson, 197.1 (after Wever). 

drerpeton (Figure 9-17), are more primitive. They retain 
an intertemporal bone and a movable articulation be- 
tween the base of the braincase and the pterygoid. Most 
eryopoids evolved a sutural attachment between the par- 
asphenoid and the pterygoid, and all have lost the inter- 
temporal bone. They are the dominant temnospondyl am- 
phibians in the later Pennsylvanian and early Permian and 
occupied a spectrum of aquatic, semiaquatic, and semi- 
terrestrial habitats. The large semiaquatic genus Eryops 
(Figure 9- 18a) is one of the most common and best-known 
early Permian amphibians. Other genera such as Cacops 
(Figure 9-18£>) were probably among the most terrestrial 
of all amphibians. This genus is a member of the extremely 
diverse family Dissorophidae, many members of which 
have plates of dermal bone protecting the trunk region 
(Carroll, 1964; DeMar, 1968). 

We include among the eryopoids a number of animals 
known mostly from Europe that are small, poorly ossified, 
and have external gills (see Figure 9-11). They were once 
thought to constitute a distinct order of amphibians, the 
branchiosaurs. Boy (1972) identified some branchiosaurs 
as early growth stages of larger terrestrial genera. Others 
appear to have been neotenic, that is, they reached their 
maximum size and presumably sexual maturity without 
metamorphosing into more terrestrial forms. 

The Lower Permian may be considered the high-water 
mark for terrestrial labyrinthodonts. Later temnopondyls 
were primarily aquatic and typically had small, poorly 
ossified limbs and flat skulls. The reduction of the number 
of terrestrial amphibians after the Lower Permian may be 
attributed to the increasing dominance of large terrestrial 
reptiles. 
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Figure 9-17. The edopoid temnospondyl Dendrepeton showing a mov- 
able articulation between the palate and the braincase and the retention 
of the intertemporal bone (a) dorsal, ( b ) palatal, (c) lateral views, natural 
size. From Carroll, 1967. Abbreviations as in Figure 8-3. 
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Figure 9-18. Permian and Triassic temnospondyl amphibians, (a) Er- 
yops, original nearly 2 meters long. Front Gregory, 1951. ( b ) Cacops, 
a dissorophid, 40 centimeters long. From Williston, 1910. (c) the Triassic 
“stereospondyl” Paracyclotosaurus, over 2 meters long. From Watson, 
1 958. Redrawn with permission by the Trustees of the British Museum 
(Natural History). 

In several groups of Triassic amphibians, the inter- 
centra are ossified as complete cylinders and the pleuro- 
centra are small or totally missing (see Figure 9-1 3d). The 
term stereospondyl has been applied to these animals on 
the assumption that they constituted a unified taxonomic 
assemblage with a common ancestry. We now recognize 
that the late surviving temnospondyls are not a single 
taxonomic group. Some almost certainly evolved from 
advanced eryopoids, but others probably arose from other 
groups of early temnospondyls. 

The problem of establishing the relationships of the 
late Permian and Triassic temnospondyls results partly 
from the hiatus in the fossil record at the end of the Lower 
Permian, when the relatively complete record of Upper 
Carboniferous and Lower Permian vertebrates in Europe 
and North America is interrupted by geological events 
and changes in climate. The record of later stages in am- 
phibian evolution resumes in the Middle and Upper Per- 
mian of Russia and South Africa, when we encounter 
several distinct groups for the first time. 

The Rhinesuchoides, known from the Upper Per- 
mian and Lower Triassic of South Africa, are an assem- 
blage of medium- and large-sized semiaquatic forms that 
evolved from among the Lower Permian eryopoids. They 
are succeeded in time by the capitosauroids (see Figure 9- 
14e, f), with which they form an evolutionary continuum. 
The capitosauroids are limited to the Triassic but span 
the length of that period and have a cosmopolitan dis- 
tribution. In this group, the skulls are very much flattened, 
the limbs small, and ossification reduced. Most were ob- 
ligatorily aquatic. They reached the greatest dimensions 


of any labyrinthodonts, with skulls approaching a meter 
in length (Paton, 1974). 

Metoposauroids resemble the capitosauroids in size 
and body proportions but are differentiated by the an- 
terior position of the orbits (see Figures 9-14g). They are 
known from both eastern and western North America, 
Europe, and India. We sometimes find large numbers of 
metoposauroid remains in what were presumably the last 
remnants of shallow lakes. This group is common in the 
Upper Triassic, but their antecedents have not been rec- 
ognized. 

The Trematosauroidea is another phylogenetically 
isolated group that is restricted to the Lower Triassic but 
is common in such distant regions as Greenland, Spits- 
bergen, Madagascar, western North America, South Af- 
rica, Australia, and Russia. Trematosauroids are typically 
long-snouted forms with well-developed lateral line canal 
grooves and rather high narrow skulls (see Figure 9-14 h). 
They retain the vertebral pattern of most primitive tem- 
nospondyls with the persistence of paired pleurocentra. 
The nature of the deposits in which they are found in- 
dicates that some were marine in habits — the only group 
of amphibians to invade that environment. Trematosaurs 
may have evolved from long-snouted aquatic forms such 
as Archegosaurus from the Lower Permian, but there are 
no known intermediates. 

Branchyopoids, which Welles and Estes (1969) re- 
viewed, are a rare group that extends throughout the 
Triassic. They may have evolved from among the Lower 
Permian trimerorhachoids. The skull is short and flat (see 
Figure 9-14/). Their remains have been described from 
North and South America, Australia, Asia, South Africa, 
Europe, and Antarctica. This group includes the last of 
the labyrinthodonts, with one genus surviving into the 
Middle Jurassic in China (Dong, 1985). 

Plagiosaurs are the most peculiar of the temnospon- 
dyls, with extremely short, wide skulls that had pustular 
ornamentation. Some, such as Plagiosuchus, retain ex- 
ternal gills in what are apparently adults (Figure 9-19). 



Figure 9-19. Dorsal view of the specialized late Triassic temnospondyl 
Plagiosuchus, original about 1 meter long. Photograph courtesy of 
Dr. Wild. 
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They are represented by rare fossils throughout the Trias- 
sic of Europe. Although they resemble the brachyopoids 
in skull proportions, the vertebrae are complete cylinders, 
which Panchen (1959) has homologized with the pleu- 
rocentra, in contrast with the condition in most other 
temnospondyls. 

The rarity of appropriate deposits in the Lower Ju- 
rassic may conceal the last phase in the evolution of aquatic 
temnospondyls, but it is unlikely that any lineages sur- 
vived long into the later Mesozoic without leaving some 
fossil record. The late surviving labyrinthodonts certainly 
left no descendants. 

Anthracosaurs 

The anthracosaurs were never as numerous or as diverse 
as the temnospondyls. The best known of the early an- 
thracosaurs is Proterogyrinus (see Figure 9-2 d) from the 
late Mississippian of North America (Holmes, 1984). As 
in the related Pennsylvanian genus Palaeoherpeton, the 
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Figure 9-20. SKULL OF PROTEROGYRINUS. (a) Dorsal, (b) pal- 
atal, [c) lateral, (d) occipital views. Original about 20 centimeters long. 
Abbreviations as in Figure 8-3. Erom Holmes , 1984. 


skull is primitive in retaining a line of weakness between 
the cheek and the skull table, and the palate is closed 
(Figure 9-20). The skull table is advanced in the forward 
extension of the tabular to the parietal. The braincase is 
solidly fixed to the skull roof, with the otic capsule at- 
tached to the underside of the tabular. From their first 
appearance in the fossil record, the anthracosaurs have 
an embayment in the posterior margin of the cheek that 
was generally considered to have supported a tympanum. 
Clack (1983) described a large, bladelike stapes in early 
genera that is quite different from the narrow rodlike 
structure usually found in animals known to have an 
impedance matching ear. 

The postcranial skeleton of Proterogyrinus is typical 
of terrestrial animals with well-developed limbs and a 
relatively short trunk. There are 32 presacral vertebrae, 
each consisting of a crescentic intercentrum and a large 
horseshoe-shaped pleurocentrum supporting the neural 
arch (see Figure 9-13 h). This condition is clearly advanced 
over typical temnospondyls. We may assume that the 
pleurocentra, which were paired in rhipidistians and prim- 
itive temnospondyls, have grown ventrally to meet at the 
midline. The girdles and limbs are similar to those of 
primitive temnospondyls, which suggests derivation from 
a similar common ancestor. Several other anthracosaur 
lines evolved from animals similar to Proterogyrinus. Some 
of them became secondarily aquatic, and others evolved 
toward a more terrestrial way of life. 

The best known anthracosaurs are the embolomeres, 
reviewed by Panchen (1970). They became specialized for 
aquatic locomotion by elongation of the trunk region, 
with approximately 40 presacral vertebrae (Figure 9-21). 
The intercentrum and the pleurocentrum of each vertebra 
(see Figure 9-13i) were elaborated as subequal cylinders, 
which probably permitted a great deal of flexibility in the 
column and facilitated undulatory swimming. However, 
the limbs are similar to their more terrestrial antecedents 
(Romer, 1957a). Some genera reevolved a dorsal caudal 
fin. The embolomeres are best represented in the Car- 
boniferous of Great Britain, where they apparently in- 
habited fairly deep bodies of water. However, in the Lower 
Permian, their remains are restricted to deltaic deposits 
in southwestern North America. The group did not sur- 
vive beyond the Lower Permian. 

The remaining Carboniferous anthracosaurs were 
apparently more terrestrial. The gephyrostegids are rel- 
atively small forms, with no more than 24 trunk vertebrae 
and a relatively great limb-to-trunk-length ratio. The ear- 
liest known genus, Bruktererpeton (Figure 9-22 a), has 
body proportions approaching those of primitive reptiles. 

Forms allied to the known gephyrostegids or to the 
Lower Carboniferous Eoherpeton (Figure 9-23) may have 
given rise to the seymouriamorphs of the Permian. Unlike 
other anthracosaurs (but like temnospondyls), the skull 
and cheek region are solidly attached and the dermal bones 
are marked by distinct pits and grooves. The otic notch 
is very deep and the stapes is reduced to a narrow rod. 





Figure 9-21. (a) Reconstruction of the skeleton of the embolomere From Panchen, 1972. ( b ) Restoration of the skeleton of the nectridean 
Eogyrmus. Original about 2 meters long. Length of trunk and finlike Ptyonius marshii, which shows a contrasting mode of aquatic special- 

tail are restored, based on the Lower Permian embolomere Archeria. ization, about 20 centimeters long. From Bossy, 1976. 
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Figure 9-22. TERRESTRIAL ANTHRACOSAURS. (a) 'I Fie gephyrostegid Bruktererpeton. From Boy and Bandel, 1973. ( b ) 
Seymouria. From White, 1939. (c) Limnoscelis. From Williston, 1912. 




Figure 9-23. Eoherpeton, a primitive anthracosaur; lateral view of the 
skull. Abbreviations as in Figure 8-3. A slightly modified illustration of 
Eoherpeton is presented by Smithson (1985) in a new description of 
this genus. From Pancbcn, 1980b. 

The Seymouriidae, Discosauriscidae, and Kotlassi- 
idae (Figures 9-22 and 9-24) apparently belong to a single 
assemblage with relatively consistent skeletal patterns but 
different ways of life. The seymouriids are primarily North 
American, with questionably assigned material from Rus- 
sia. Their limb proportions indicate they were the most 
terrestrial of anthracosaurs. Discosauriscids, from central 
and eastern Europe and recently reported in China (Zhang, 
Li, and Wang, 1984) are known only from larval or neo- 
tenic forms. The kotlassiids, known only from the Upper 
Permian of Russia, reverted to an aquatic way of life, like 
the terminal temnospondyls. In common with some dis- 
sorophids and plagiosaurs, they developed dermal armor 
covering the trunk region. 

Other anthracosaurs from the Upper Permian of Rus- 
sia are difficult to associate with any of the previously 
mentioned groups. We have classified them among the 
seymouriamorphs because they may have diverged from 
the same general stock, but they show few similarities 
with the other families. Members of the Chroniosuchidae 
have very long, narrow skulls that are rather similar to 
those of some embolomeres, and large plates of dermal 
armor. The lanthanosuchids have wide, low skulls with 
a large opening above the area of the jaw musculature 
(Tatarinov, 1972). 

None of these Upper Permian groups show any evi- 
dence of continuing into the Triassic, although beds of 
this age in Russia have very abundant remains of temno- 
spondyls. 

A number of families from the Upper Carboniferous 
and Lower Permian may be affiliated with the Anthra- 
cosauria, but we have difficulty assessing their specific 
position. They approach the reptilian grade of develop- 
ment in some skeletal features but retain others that are 
typically amphibian (Carroll, 1970; Heaton, 1980). 
Members of the Limnoscelidae (see Figure 9-22 c), Solen- 
odonsauridae, and Tseajaiidae may not be particularly 
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Figure 9-24. AQUATIC ANTHRACOSAURS. (a) Discosauriscus , a 
small early Permian seymouriamorph, slightly less than natural size. 
From Spinar, 1952. (h) The skeleton of the Upper Permian seymour- 
iamorph Kotlassia, x A. The manus is unknown. From Bystrow, 1944. 

closely related to one another, but all have an otic notch 
and a primitive configuration of the occiput and temporal 
region. All are relatively large, and their skeleton suggests 
that they were primarily terrestrial, at least as adults. 

LEPOSPONDYLS 

In addition to the generally large, heavy bodied labyrin- 
thodonts, a number of smaller amphibians in the Paleo- 
zoic vaguely resemble a variety of modern tetrapods, in- 
cluding newts and other salamanders, lizards, and snakes. 
These animals have been grouped together in a single 
assemblage, the Lepospondyli, that is most notably char- 
acterized by the possession of spool-shaped centra (Figure 
9-25). Other features of the vertebrae and skull are com- 
mon to these animals, but the general body proportions 
and the patterns of the dermal skull roof differ markedly 
among the various groups. 

We recognize six major anatomical patterns and group 
them in three diverse orders — the ATstopoda, Nectridea, 
and Microsauria, and three isolated families — the Lyso- 
rophidae, Adelogryinidae, and Acherontiscidae. We have 
not established their specific ancestry. Except for the nec- 
trideans, which are known in North Africa, their remains 
have been found only in North American and Europe. 

Aistopods 

The most specialized of the lepospondyls are the snakelike 
aistopods. They have a very long body with up to 230 
vertebrae and lack limbs and girdles. Most of our infor- 
mation on the group comes from the Upper Carboniferous 
families, Ophiderpetontidae and Phlegethontiidae 
(McGinnis, 1967). The skulls of these forms are highly 
specialized, which implies that each family has a long 
history separate from the other as well as from any lab- 
yrinthodonts or rhipidistians. In the most specialized 
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genus, Pblegethontia (Figure 9-26 a, b, and c), the skull is 
fenestrated in a manner somewhat resembling snakes. In 
the more primitive genus Ophiderpeton (Figure 9-26 d), 
dermal bones of the skull are more extensive and their 
pattern somewhat resembles that of labyrinthodonts. 

The vertebrae of ai’stopods have only a single ossi- 
fication per segment, a condition termed holospondylous. 
The neural arches are fused to the centra; separate haemal 
arches are absent in the caudal region. The atlas resembles 



Figure 9-25. VERTEBRAE OF LEPOSPONDYL AND MODERN 
AMPHIBIANS, (a) Trunk vertebrae of an aistopod. From McGinnis, 
1 967. (b) trunk and caudal vertebrae of the nectridean Sauropleura. 
From Bossy, 1976. ( c ) The trunk vertebrae of the microsaur Eryodus 
showing intercentra. From Carroll and Gaskill, 1978. (d) Trunk and 
cervical vertebrae of the Cretaceous salamander Opisthotriton. From 
Estes, 1976. (e) trunk vertebra of the caecilian Hypogeopbis. From 
Carroll and Currie, 1975. With permission from the Zoological Journal 
of the Linnean Society. Copyright 1 975 by the Linnean Society of 
London. 



Figure 9-26. THE SKULL OF AISTOPODS. (a-c) Lateral, dorsal, and 
ventral views of the skull of Phlegethontia, X3. From Gregory, 1948. 
(d) Dorsal view of the skull of Ophiderpeton, X3. From Bossy, 1976. 
Abbreviations as in Figure 8-3. 

the remaining trunk vertebrae and fits against the rim of 
a rounded concavity in the occiput. The heads of the ribs 
are described as K-shaped. 

A single specimen from the early Lower Carbonifer- 
ous has been referred to this order by Wellstead (1982). 
The skull is specialized in the manner of Ophiderpeton 
with the orbits far forward; the cheek region has no os- 
sification (Figure 9-27 a). This animal is interpreted as an 
ancestor of the Upper Carboniferous ai'stopods, but there 
are no features of this genus (the oldest of all known 
lepospondyls) that suggest a close relationship with other 
groups of Carboniferous tetrapods. 

Nectrideans 

Nectrideans are an entirely aquatic group. Many are newt- 
like in appearance and have a very long, laterally com- 
pressed tail that serves as the principal swimming organ. 
Like the ai'stopods, none has more than a single central 
ossification, but all have well-differentiated, although rel- 
atively small, paired limbs. 

Members of this order can be distinguished from all 
other Paleozoic amphibians by the symmetrical appear- 
ance of the neural and haemal arches of the tail (see Figure 
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Figure 9-27. LONG-BODIED “LEPOSPONDYLS.” (a) The aistopod 
Lethiscus, from the Lower Carboniferous, x|. From Wellstead, 1982. 
(b) The lysorophid Cocytinus, X 1. From Carroll and Gaskill, 1978. (c) 
Acherontiscus, x 1 . From Carroll and Gaskill, 1978. Skeletons of Leth- 
iscus and Acherontiscus have been straightened for convenience of il- 
lustration. 


9-2 5b). The neural spines in the trunk are also laterally 
compressed plates that interdigitate by accessory articu- 
lating surfaces. Twisting of the trunk would be minimal 
and lateral undulation would be limited. Aquatic loco- 
motion is almost certainly a secondary adaptation of the 
group since the swimming mechanism is unlike that of 
rhipidistians or primitive labyrinthodonts. 

In one of the earliest and most primitive nectrideans, 
Urocordylus, the tail is more than twice as long as the 
trunk and the limbs are well developed, with five toes on 
both the manus and pes. In more advanced urocordylid 
nectrideans, the degree of ossification of the limbs and 
girdles is reduced, the rear limb is comparatively enlarged, 
and the number of digits in the manus is reduced to four. 
In contrast with aquatic temnospondyls, anthracosaurs, 
and many microsaurs, the number of trunk vertebrae in 
nectrideans is not increased but ranges from 15 to 26 
(Bossy, 1976). 


The pattern of the skull roof of primitive nectrideans 
appears to be closest of all the lepospondyl groups to that 
of labyrinthodonts (Figure 9-28 a). As in embolomeres, 
the skull table is narrow and movable on the cheek. Of 
the primitive elements, only the intertemporal has been 
lost. The area that it occupied may have been appropri- 
ated by the elongated postorbital. The supratemporal is 
a long, narrow bone, lost in the more specialized families. 
The elongated parietal extends back to the tabular. A line 
of weakness, like that of rhipidistians, extends anterior 
to the orbit and runs between the lacrimal and the pre- 
frontal. In these primitive nectrideans, the cheeks can be 
flared and the snout raised and lowered at joints that 
permit the frontal to slide over the parietal and the nasal. 
Primitively, the skull is short with the eyes relatively far 
forward, but in more specialized species the snout be- 
comes greatly elongated. 




Figure 9-28. SKULLS OF “LEPOSPONDYLS.” (a) The nectridean 
Sauropleura, which retains the most primitive pattern of the skull table 
seen among “lepospondyls.” From Bossy, 1976. ( b ) The microsaur Mi- 
crobrachis, in which the space once occupied by the intertemporal has 
apparently been incorporated into the parietal. From Carroll and Gas- 
kill, 1978. (c) The microsaur Asaphestra, in which the space once oc- 
cupied by the intertemporal may be incorporated into the postfrontal. 
In all microsaurs, there is a single bone that occupies the position of 
the tabular and supratemporal in labyrinthodonts. From Carroll and 
Gaskill, 1978. (d) Adelospondylus, in which the squamosal, supratem- 
poral, and tabular are represented by a single ossification. From Carroll 
and Gaskill, 1978. Abbreviations as in Figure 8-3 plus: ppc, palpebral 
cup, an ossification of the eyelid not uncommon in primitive tetrapods. 
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The Diplocaulidae, which are represented in the Lower 
Permian by the genera Diploceraspis (Figure 9-29) and 
Diplocaulus, are more specialized nectrideans in which 
kinesis has been lost. The skull is dorsoventrally flattened, 
and the tabulars and squamosals are drawn out into long 
processes (Milner, 1977). Like the brachyopids, plagio- 
saurs, and other late surviving temnospondyls, the diplo- 
caulids have fused the palate to the base of the braincase 
and developed vacuities between the pterygoids. The trunk 
and tail are short, and some authors suggest that they 
swam by dorsoventral undulation. This family occurs in 
North Africa as well as North America and Europe. 



Figure 9-29. (a) Dorsal and { b ) ventral views of the skull of Diplo- 
ceraspis, a “horned” neetridean of the early Permian, x Abbreviations 
as in Figure 8-3. From Beerbower, 1963. 


Microsaurs 

Microsaurs (Figure 9-30) are the most varied of lepos- 
pondyls. Carroll and Gaskill (1978) recognize 11 families, 
several of which appear in the Lower Pennsylvanian. The 
major diversification of the order may have been com- 
pleted by that time, although other families are known 
only from the later Pennsylvanian or Lower Permian. Their 
habits range from perenni-branchiate to lizardlike, with 
a variety of large and small burrowing genera. 

We recognize two patterns of the bones of the dermal 
skull roof, which probably resulted from the incorpora- 
tion of the intertemporal into different adjacent bones. In 
the Suborder Tuditanomorpha, the area of the intertem- 
poral is apparently incorporated into the postfrontal; in 
the Microbrachimorpha, it was apparently incorporated 
into the parietal (Figure 9-28 b, c). In both groups, there 
is only one remaining temporal bone, the tabular, which 
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Figure 9-30. SKELETONS OF MICROSAURS WITH DIVERSE BODY PROPORTIONS, (a) Tuditanus. ( b ) Pantylus. 
(c) A licrobrachis. ( d ) Rhynchonkos. From Carroll and Gaskill, 1 978. 
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may incorporate the supratemporal. In primitive genera, 
the cheek region is completely roofed, but it is deeply 
emarginated in representatives of three families in a man- 
ner somewhat resembling that of primitive salamanders. 

Microsaurs exhibit great variety in body proportions, 
with the vertebral count ranging from 19 to 44. The limbs 
may be small, but they are always present, and the tail is 
never specialized in the manner of nectrideans. Several 
microsaurs have intercentra in the trunk region in addition 
to spool-shaped pleurocentra. Trunk intercentra have never 
been reported in nectrideans and ai'stopods. 

Other lepospondyls 

Two additional families are usually allied with micro- 
saurs: the lysorophids and the adelogyrinids. In both, the 
pattern of the skull appears to preclude close affinities 
with typical microsaurs. The lysorophids (Figures 9-27 
and 9-31) have a very open skull with large orbits; their 
maxilla and premaxilla are quite freely movable. There 
are up to 99 presacral vertebrae and very small limbs. 
The short tail exhibits haemal arches, but there are never 
trunk intercentra. The family is most common in the Up- 
per Pennsylvanian and Lower Permian of North America. 
Forms that are possibly related occur in the Lower Penn- 
sylvanian in Ireland (Wellstead, 1985). 

The adelogyrinids (Figure 9-28 d) are much more re- 
stricted in diversity and geography, with four genera de- 
scribed from the Upper Mississippian of Scotland. The 



Figure 9-31. Lysorophus, from the Lower Permian. Skull in (a) dorsal, 
(b) palatal, (c) lateral, and (d) occipital views, x 2. Abbreviations same 
as Figure 8-3, plus: carf, carotid foramen; ptf, posttemporal foramen. 
From Carroll and Gaskill, 1978. 
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skull is solidly roofed but lacks one of the elements present 
in typical microsaurs. The eyes are very far forward. The 
trunk is apparently quite long, but the limbs are well 
developed (Brough and Brough, 1967). 

The Acherontiscidae is represented by a single spec- 
imen described by Carroll (1969) from the Mississippian 
of Scotland (see Figure 9-27). The centra are formed by 
two subequal cylinders that grossly resemble the pleu- 
rocentra and intercentra of embolomeres. The skull is 
poorly known but has a solid roof and lateral line canal 
grooves. The trunk region is long and the limbs little 
developed. 

Lysorophids, adelogyrinids, and acherontiscids ap- 
pear like the isolated orders of Paleozoic sharks; neither 
their time of origin nor phylogenetic position is apparent. 
They hint at an even greater diversity of small amphibians 
in the Paleozoic. 

Unlike the labyrinthodonts, the lepospondyls show 
no obvious affinities with the rhipidistians. The charac- 
teristics by which they differ from both the rhipidistians 
and labyrinthodonts — the lack of labyrinthodont infold- 
ing of the dentine, the otic notch, and the pairs of palatine 
fangs — may all be related to their small size and do not 
necessarily indicate close relationship to each other. The 
presence of cylindrical vertebral centra in all groups of 
lepospondyls may also be related to their relatively small 
size. The various lepospondyl groups may each have ar- 
isen from different stocks of labyrinthodonts during the 
Upper Devonian and Lower Carboniferous. 


Modern amphibians 


STRUCTURE AND BIOLOGY OF FROGS, 
SALAMANDERS AND GYMNOPHIONA 

We have not found any lepospondyl fossils later than the 
Lower Permian. There is a surprising gap in the record 
of small amphibians until the appearance of frogs and 
salamanders within the Jurassic. The survivors of the small 
Paleozoic amphibians may have been extremely rare from 
the late Permian into the middle Mesozoic. Or perhaps 
this stage of amphibian evolution remains obscure be- 
cause appropriate conditions for the preservation of small 
amphibians were uncommon during this time or restricted 
to regions where little collecting has been done. 

When they first appear in the fossil record during the 
Jurassic, both frogs and salamanders appear essentially 
modern in their skeletal anatomy (Figures 9-32 and 9- 
33). The described fossil record of gymnophionans (cae- 
cilians) is limited to isolated vertebrae from the Upper 
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Figure 9-32. The oldest known frog, Vieraella, from the Lower Jurassic 
of South America. Shoulder girdle in ventral view drawn to right of 
skeleton. Abbreviations same as Figure 8-3. From Estes and Reig, 1 973. 
By permission of the University of Missouri Press. Copyright 1 983 by 
the curators of the University of Missouri. 

Cretaceous and Paleocene that are very similar to those 
of modern genera (Rage, 1986). 

Frogs, salamanders, and caecilians share a number 
of derived features that have led herpetologists to ally 
them in a single group, the Lissamphibia. Parsons and 
Williams (1963) are the most forceful advocates of this 
arrangement. All are small animals that live in damp en- 
vironments and depend on cutaneous respiration. All have 
spool-shaped vertebrae. Most members of all three groups 
have a peculiar tooth structure in which the base and 
crown are separated by a zone of fibrous tissue. Such teeth 
are termed pedicellate. 

Most frogs and salamanders have a very open skull, 
in contrast with that of Paleozoic amphibians. Many ter- 
restrial frogs and salamanders possess a protrusible tongue 
and an extra ear ossicle called the operculum adjacent to 
the base of the stapes. The operculum has a thin muscular 
attachment to the shoulder girdle. 

Despite these similarities, frogs, salamanders, and 
caecilians are very different from one another in skeletal 
structure and ways of life, both now and throughout their 
known fossil history. 

Frogs are the most readily characterized, because they 
all adhere to a single skeletal pattern that is among the 
most specialized found in any vertebrate order. The ver- 
tebral column is greatly reduced, with only five to nine 
trunk vertebrae and no caudal vertebrae in the adult stage. 
The region immediately posterior to the sacrum is in the 
form of a longitudinal rod, the urostyle. The rear limbs 
are emphasized and both terrestrial and aquatic loco- 
motion is typically produced by their symmetrical move- 
ment. The skull is typically open, in contrast with the 
labyrinthodonts. Its main support is provided by the 


braincase which forms a stout longitudinal bar. Poste- 
riorly, the otic capsules extend laterally to reach the dorsal 
portion of the cheek. There is a bony connection between 
the maxilla and the squamosal and quadrate, although 
the jugal is lost. The palate exhibits very large interpter- 
ygoid vacuities. In most genera, there is a large tympanum 
supported by a tympanic annulus set into a notch in the 
squamosal. Vibrations of the tympanum are transmitted 
to the inner ear via a thin stapes, or columella. This con- 
dition is almost certainly primitive for frogs and could 
readily have been derived from the pattern seen in ad- 
vanced terrestrial temnospondyls (Bolt and Lombard, 
1985). 

Both frogs and salamanders evolved specialized means 
to protrude the tongue, but the mechanism differs in the 
two groups. Regal and Gans (1976) showed that in ad- 
vanced frogs the muscles at the front of the lower jaw 



Figure 9-33. The oldest known salamander, Karaurus, from the Upper 
Jurassic of Russia, slightly less than natural size. Photograph courtesy 
of M. F. Ivachnenko. 
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and within the tongue flip the back of the tongue forward 
and out of the mouth. In contrast with salamanders, the 
hyoid apparatus is not involved in tongue protrusion. 

One of the most striking specialization of frogs is the 
evolution of a larval stage that is radically different in 
structure and biology from the adult. Tadpoles charac- 
terize all frog groups. Even in genera in which direct de- 
velopment occurs, early stages retain the appearance of a 
tadpole. They differ from the adults not only in structure 
but also in diet; most are herbivorous suspension feeders 
and algae grazers, in contrast with the carnivorous adults. 
Fossil tadpoles are known as early as the Lower Creta- 
ceous (see Figure 9-11). Despite the high degree of spe- 
cialization of the larval stage, nearly all frogs are primitive 
in having external fertilization. 

We may consider salamanders to be the least spe- 
cialized of living amphibians because of their conservative 
body proportions. Most forms have small limbs, and most 
of the power for locomotion is generated by the axial 
musculature. Locomotor specializations within the group 
include loss of the pelvic limbs in the Sirenidae and elon- 
gation of the trunk and limb reduction in the Amphium- 
idae and some plethodontids. 

The skull of salamanders is modified in a manner 
analogous with that of frogs, with the main support pro- 
vided by the braincase; the otic capsules attach postero- 
laterally to the dorsal margin of the cheek. In contrast 
with most frogs, the maxilla is separated from the squa- 
mosal and quadrate by a long gap. In primitive genera, 
the squamosal, quadrate, and pterygoid form a suspen- 
sorium that is moveable on the braincase in a manner 
somewhat analogous with that of primitive teleosts. There 
is never an otic notch, tympanum, or middle ear cavity. 
The stapes is a relatively massive element, primitively link- 
ing the movable cheek to the braincase. 

Lombard and Wake (1976) described how terrestrial 
salamanders protrude their tongue using the hyoid ap- 
paratus. Muscles attached to the ceratohyals pull them 
forward and thrust the more anterior portion of the hyoid 
apparatus, to which the tongue is attached, out of the 
mouth. 

The reproductive pattern of primitive salamanders 
probably resembles that of Paleozoic amphibians. Exter- 
nal fertilization is the rule, and the larvae are similar to 
the adults in general anatomy, except for the presence of 
external gills. In advanced aquatic and terrestrial groups, 
the male deposits a spermatophore that is picked up by 
the cloacal lips of the females, so that fertilization is in- 
ternal. Complicated courtship coordinates the sexual be- 
havior of the males and females. In one advanced sala- 
mander family, the Plethodontidae, many genera lay their 
eggs on land and development is direct; the young are 
miniature replicas of the adults with no specifically larval 
features. The European salamandrid Salamandra atra gives 
birth to live young. 

Caecilians are the least-well-known of the living am- 
phibians; all are restricted to the damp tropics and are 
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aquatic or burrowing in habit. They have no trace of limbs 
or girdles, and although the trunk region may have more 
than 200 vertebrae, the tail is very short or absent. They 
are unlike frogs and salamanders in having well-developed 
ribs throughout the column, and in most genera the skull 
is solidly roofed as in Paleozoic amphibians (Figure 9- 
34). The orbital openings are small and may be completely 
covered with bone. A specialized tactile or chemosensory 
organ, the tentacle, extends from the skull anterior to the 
area of the orbit. Caecilians all practice internal fertiliz- 
ation. In contrast with frogs and salamanders, the males 
possess a copulatory organ. 

All the structural and physiological differences be- 
tween frogs, salamanders, and apodans may be attributed 
to divergence. These differences do not in themselves pre- 
clude evolution from a single ancestral group. However, 
we have found no fossil evidence of any possible ante- 
cedents that possessed the specialized features common 
to all three modern orders. Some of the features shared 
by the modern orders may have evolved separately in 
each, and others may have been inherited from a pattern 
common to all early amphibians. 

Although cutaneous respiration may have been a 
common attribute of rhipidistians and primitive tetra- 
pods, its emphasis in living amphibians is certainly a spe- 
cialization. The efficiency of cutaneous respiration de- 
pends on a large surface-to-volume ratio and might be 
elaborated in any small vertebrate that did not evolve an 
impervious skin. 

One of the most convincing arguments to support 
the derivation of frogs, salamanders, and caecilians from 
a common ancestor is the presence of pedicellate teeth. 
We have not found pedicellate marginal teeth in any Pa- 
leozoic amphibians, which suggests that they may have 
been uniquely evolved in the ancestors of the modern 
orders. 

Larsen and Guthrie (1975) argued that terrestrial sal- 
amanders evolved pedicellate teeth in association with 
their use of the tongue to capture and manipulate prey. 
If the teeth pierce the prey, they can be broken off readily 
at the jaw margin so that they do not interfere with further 
tongue manipulation. This argument may be extended to 
terrestrial frogs, which also rely on the tongue in feeding. 
The great differences in the mechanism of tongue protru- 
sion in frogs and salamanders indicate that it evolved 
separately in the two groups. This suggests that pedicellate 
teeth may have evolved independently as well. Estes (1981) 
described nonpedicellate teeth in several genera of prim- 
itive fossil salamanders which indicates that this special- 
ization may have arisen within the urodeles rather than 
being retained from an ancestral condition. Larsen and 
Guthrie’s argument does not account for the presence of 
pedicellate teeth in caecilians, in which all but the tip of 
the teeth are embedded in a thick layer of spongy tissue. 

Another specialized feature of frogs and salamanders 
(but not caecilians) is the presence of an opercularis mus- 
cle that links the shoulder girdle with the otic capsule. It 
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Figure 9-34. COMPARISON OF THE SKULL OF CAECILIANS AND 
THE M1CROSAUR RHYNCHONKOS. ( a-c ) The modern caccilian 
Grandisonia in dorsal, palatal, and lateral views, x5. (d) Occiput of 
the caecilian Hypogeophis. (e) Braincase of Oscaecilia in lateral view. 
If-j) Rhynchonkos in comparable views. Abbreviations as in Figure 
8-3 plus: acc, accessory ear ossicle; ba, basicranial articulation; carf, 
carotid foramen; eo-bo, exoccipital-basioccipital complex; ff, facial for- 


amen; fov, fenestra ovalis; inf, infra frontal extensions of the spheneth- 
moid; ins, internasal septum; jf, jugular foramen; ob, os basale; opis, 
opisthotic; pea, palatine canal; pis, plcurosphenoid; pof, prootic fora- 
men; ppc, palpebral cup; pr, prootic; r, rostral process of parasphenoid; 
se, sphenethmoid; soc, supraoccipital; st, stapes. From Carroll and Cur- 
rie, 197 S. With permission from the Zoological Journal of the Linnean 
Society. Copyright 1975 by the Linnean Society of London. 
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Figure 9-35. (a) Position of the opercularis muscle in the primitive 

salamander Hynobius. The operculum is not ossified in this genus, (b) 
The microsaur Micraroter with the opercularis muscle restored in a 
comparable position relative to an unossified portion of the otic capsule 
and adjacent axial musculature. Abbreviations as in Figure 8-3, plus op- 
eo, fused otic capsule and exoccipital; of, opercular fenestra. Front Car- 
roll and Holmes, 1980. With permission from the Zoological Journal 
of the Linneatt Society. Copyright 1980 by the Linnean Society of 
London. 

is usually attached to a small bone, the operculum, at the 
base of the stapes (Figure 9 -35a). These structures have 
long been assumed to be associated with hearing, but 
Capranica’s (1976) description of the function of the inner 
ear in frogs indicates that displacement of a segment of 
the wall of the otic capsule by contraction of the oper- 
cularis muscle would interfere with reception of sound 
conducted by the stapes. 

Experimental evidence reported by Baker (1969) in- 
dicates that severing this muscle interferes with balance 
in frogs. Equivalent experiments have not been done with 
salamanders. The orientation of the muscle in frogs and 


salamanders would make it an effective means of deter- 
mining the degree of twisting of the body relative to the 
head. Such a system does not appear to be necessary in 
advanced tetrapods, which have well-developed stretch 
receptors in all the somatic muscles. As indicated earlier 
in the chapter, stretch receptors probably were not present 
in ancestral amphibians; they are absent in the axial mus- 
culature of all three groups of modern amphibians (Bone, 
Ridge, and Ryan, 1976). The operculum-opercularis sys- 
tem may have been a primitive sensory system that was 
evolved by early amphibians and has been retained in both 
frogs and salamanders but lost in more advanced tetrapod 
groups. We attribute its absence in caecilians to their lack 
of a shoulder girdle. 

An unossified area in the ventral surface of the otic 
capsule in several microsaurs rpay be an opening for the 
operculum (Figure 9-35 b), but there is no evidence of this 
bone in other primitive tetrapods. The opercularis muscle 
may initially have attached to the stapes but shifted to a 
separate ossicle when the stapes became important in sound 
conduction. 

In the absence of fossil evidence that frogs, salaman- 
ders, and caecilians evolved from a close common ances- 
tor, we must consider the possibility that each of the 
modern orders evolved from a distinct group of Paleozoic 
amphibians. 


THE ORIGIN AND DIVERSIFICATION 
OF FROGS 

The only fossil that provides a link between any of the 
modern orders and Paleozoic amphibians is Triadobatra- 
chus from the Lower Triassic of Madagascar (Figure 9- 
36) (Estes and Reig, 1973). The skull is frog-like with a 
median fronto-parietal, and the squamosal is recessed to 
support a tympanum. There are 14 trunk and 6 caudal 
vertebrae. The ilium is specialized like that of frogs, but 
to a lesser degree. Their closest similarity to Paleozoic 
amphibians is with the dissorophid temnospondyls, par- 
ticularly the genus Doleserpeton (Figure9-37) (Bolt, 1977). 
In the family Dissorophidae, the otic notch is particularly 
large, and the number of trunk vertebrae and the length 
of the tail is reduced (see Figure 9-18). There are no known 
features that would preclude the dissorophids from having 
given rise to frogs. One important feature that immature 
dissorophids share with salamanders and caecilians, as 
well as frogs, is the bicuspid configuration of the teeth, 
as Bolt ( 1 977) demonstrated. This configuration may have 
evolved to assist in holding, but not piercing, the prey. 
However, the remainder of the anatomy of dissorophids 
provides no evidence of the initiation of trends leading to 
either salamanders or caecilians. 

Modern frogs are classified in 23 families according 
to Frost '(1985), most of which have a long, but somewhat 
discontinuous, fossil record (see Figure 9-1) (Vial, 1973). 
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Figure 9-36. Triadobatrachus from the Lower Triassic of Madagascar. 
This genus provides a plausible link between Lower Permian dissoro- 
phids and primitive frogs. Abbreviations as in Figure 8-3. From Estes 
and Reig, 1973. By permission of the University of Missouri Press. 
Copyright 1983 by the curators of the University of Missouri. 


Families that have been considered primitive on the basis 
of their skeletal morphology — Ascaphidae, Discoglossi- 
dae, Pipidae, and the extinct Palaeobatrachidae — have a 
long fossil record that goes back to the Jurassic or the 
base of the Cretaceous. Rhinophrynids, which are also 
considered primitive on the basis of their tadpole mor- 
phology, appear in the Paleocene. Pelobatids, which are 
generally accepted as intermediate in terms of the mor- 
phology of the living genera, have a record that extends 
to the top of the Cretaceous. Microhylidae, although spe- 
cialized in some features, may have diverged from the 
other frog families at a comparatively early stage, but their 
fossils are not known prior to the Lower Miocene. 

Leptodactylids, bufonids, and hylids — all of which 
are structurally more modern frogs — appear in the Pa- 
leocene, where they are represented by members of mod- 
em species groups. These families were probably all pres- 
ent in the Cretaceous and may have diverged as early as 
the Jurassic. 

We have no record of the family Ranidae before the 
Eocene, and almost all fossils can be placed in the genus 
Rana. Modern species of Rana appear at the base of the 
Miocene in North America (Carroll, 1977). 



Otic notch 


1 mm 


Figure 9-37. Skull roof of the dissorophid Doleserpeton, which may 
be close to the ancestry of frogs. Abbreviations as in Figure 8-3. From 
Bolt, 1977. 

SALAMANDER ANCESTRY AND 
INTERRELATIONSHIPS 

It has been assumed that the similarities of the skulls of 
frogs and salamanders were the result of derivation from 
a common ancestor that had already reduced the extensive 
ossification characteristic of Paleozoic amphibians. Car- 
roll and Holmes (1980) have described consistent differ- 
ences in the configuration of the skull and adductor jaw 
musculature between all living frogs and salamanders that 
suggest that reduction in dermal ossification proceeded 
separately in the ancestors of the two groups. 

In amphibians and most reptiles, the adductor jaw 
musculature may be subdivided into three major units on 
the basis of their relationships to branches of the Vth nerve 
(Figure 9-38). The adductor mandibulae internus lies be- 



Figure 9-38. Diagram showing the major units of the adductor jaw 
muscles of amphibians and reptiles. Drawn as a horizontal section through 
the back of the skull seen in dorsal view. Area of diagonal shading 
represents the braincase. Cross sections of the muscles are indicated by 
polygonal shading. Abbreviations: Vi, V 2 , Vj, branches of the Vth nerve. 
Abbreviations for muscles as in Figure 9-39. From Carroll and Holmes, 
1980. With permission from the Zoological Journal of the Linnean 
Society. Copyright 1980 by the Linnean Society of London. 
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Figure 9-39. PATTERN OF JAW MUSCULATURE, (a) Ambystoma, 
a representative salamander and ( b ) Ascaphus, a primitive frog. Abbre- 
viations: Vi, Vv, Vj, branches of the Vth nerve; DM, depressor man- 
dibulae; MAME, adductor mandibulae externus (large in salamanders 
and missing in most frogs); MAM1, adductor mandibulae internus; MAMI 
(pro), profundus head of MAMI; MAMI (pt), pterygoideus head of 
MAMI; MAMI (sup), superficialis head of MAMI (large in salamanders, 
but missing in frogs); MAMP, adductor mandibulae posterior (elabo- 
rated in frogs, but not in salamanders); MAMP (longus), longus head 
of MAMP. With permission from the Linnean Society. Copyright 1980 
by the Linnean Society of London. 

tween the ophthalmic and maxillary branches of the Vth 
nerve, the adductor mandibulae externus lies between the 
maxillary and mandibular branches, and the adductor 
mandibulae posterior lies behind the mandibular branch. 

From this basic pattern, frogs and salamanders show 
divergent specializations (Figure 9-39). Because of the 
prominence of the otic notch in frogs, the area for origin 
of the adductor mandibulae externus is much reduced, 
and this muscle is missing in most genera. In contrast, 
this is one of the principal muscles in salamanders. Its 
elaboration is probably associated with the absence of a 
bony connection between the maxilla and jugal. 

In both frogs and salamanders, a major muscle has 
expanded out of the adductor chamber and originates on 
the dorsal surface of the otic capsule. In frogs, this is the 
longus head of the adductor mandibulae posterior; in 
salamanders, it is the superficialis head of the adductor 
mandibulae internus. The spread of this muscle onto the 
upper surface of the braincase could not have occurred 
prior to the loss of the dermal bone behind the orbit. It 
seems unlikely that different muscles would have spread 
onto this area if frogs and salamanders had an immediate 
common ancestor that had already developed a very open 
skull. Both the frog and salamander patterns of the jaw 
musculature could have originated from that which is 
assumed to be primitive for all tetrapods, but there is little 


likelihood that the pattern in either modern group could 
have given rise to that of the other. 

Because of the conspicuous otic notch, large orbit, 
and solid cheek in small temnospondyl amphibians such 
as the dissorophids, their adductor chamber resembles 
that of frogs (Figure 9-40). We may logically assume a 
similar distribution of the jaw musculature. Some aspects 
of the skull pattern typical of salamanders are seen in a 
number of genera of microsaurs that have an embayment 
of the cheek, with the maxilla not connected with the 
quadrate (Figure 9-41). Some species show a groove on 
the lateral surface of the lower jaw for the insertion of a 
very large adductor mandibulae externus. The microsaurs 
lack an otic notch, and the distribution of the adductor 
mandibulae internus and posterior would be expected to 
follow the pattern of salamanders rather than that of 
frogs. However, the adductor mandibulae internus su- 
perficialis would not be able to extend over the otic cap- 
sule, since the skull roof is still complete. An early stage 
in the posterior migration of this muscle is seen in the 
Upper Jurassic salamander Karaurus (Figure 9-42), in which 
the occipital margin of the otic capsule is still covered by 
ornamented dermal bone. 

Even the earliest fossil salamanders have an essen- 
tially modern morphology, and we do not know any fos- 
sils that connect them with microsaurs. Nevertheless, the 
general similarity of the skull between the most primitive 
salamanders and microsaurs is much closer than it is be- 
tween frogs and salamanders or between salamanders and 
other groups of Paleozoic amphibians. 

Salamanders probably evolved during the later Per- 
mian and Triassic. Naylor (1980) showed that the radia- 
tion of the modern salamander families must have oc- 
curred by the late Mesozoic. We know seven of the eight 
living families by the Paleocene. The plethodontids are 
not known until the Lower Miocene but sirenids and 
amphiumids are known in the late Cretaceous. Proteiids 
are questionably reported from the Upper Jurassic (Estes, 
1981). 

In terms of their cranial morphology, hynobiids are 
the most primitive of living salamanders and closest to 
the pattern of Paleozoic microsaurs. We consider cryp- 
tobranchids to be closely related since both groups prac- 
tice external fertilization. The basic cranial anatomy of 
primitive ambystomatids and salamandrids closely resem- 
bles that of the hynobiids. Plethodontids probably evolved 
from ambystomatids early in the Cenozoic. The proteids, 
amphiumids, and sirenids are all very highly modified in 
their cranial anatomy from the pattern of hynobiids, but 
in divergent ways that give no evidence of specific rela- 
tionships. The extremely modified anatomy of these fam- 
ilies may be attributed to major changes in their pattern 
of early development. 

Gymnophionans (caecilians) 

Carroll and Currie (1975) argued that the cranial anatomy 
of recent caecilians is quite similar to that of one family 
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Figure 9-40. RESTORATION OF THE JAW MUSCULATURE OF THE TEMNOSPONDYL DOLESERPETON, BASED 
ON SKELETAL SIMILARITIES TO MODERN FROGS, (a) Cutaway view of skull to show dorsal surface of palate. ( b ) 
Restoration of jaw musculature in dorsal view, (r) Lateral view of skull, (d) Cutaway view of skull in lateral view to show 
jaw muscles. Abbreviations as in Figures 8-3 and 9-39, plus Id, lacrimal duct; q r pt, quadrate ramus of pterygoid; ty m, line 
of attachment for tympanic membrane. From Carroll and Holmes, 1980. With permission from the Zoological Journal of 
the Linnean Society. Copyright 1980 by the Linnean Society of London. 



Figure 9-41. RESTORATION OF THE JAW MUSCULATURE OF 
THE MICROSAUR HAPSIDOPAREION, BASED ON SKELETAL 
SIMILARITIES TO MODERN SALAMANDERS. < a ) Cutaway view of 
skull to show dorsal surface of palate. ( b ) Restoration of jaw muscles 
in dorsal view, (c) Lateral view of skull, showing natural exposure of 
MAME. (d) Cutaway view of skull in lateral view. Abbreviations as in 
Figure 9-40. From Carroll and Holmes, 1980. With permission from 
the Zoological Journal of the Linnean Society. Copyright 1980 by the 
Linnean Society of London. 


(c) ppc 



(d) MAMI (pro) MAMI (sup) 



V, 
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Figure 9-42. (a) Dorsal and ( b ) ventral views of the Upper Jurassic 

salamander Karaurus, x I J. The right lower jaw has been omitted from 
the drawing to emphasize the separation of the suspensorium from the 
maxilla. Abbreviations as in Figure 8-30, plus v-pal, coossified vomer 
and palatine. From Ivachnenko, 1978. 

of microsaurs, the Goniorhynchidae (see Figure 9-34). In 
both groups, the skull is fully roofed, the jaw articulation 
is well anterior to the occiput, the snout overhangs the 
tooth row, and both the palate and the lower jaw have a 
medial row of teeth parallel with the marginal dentition. 
In both groups, the stapes extends from the otic region 
to the quadrate in a similar manner. The caecilians have 
a solid lateral wall to the braincase in the area of the 
opening for the Vth nerve, which is unique among modern 
amphibians. In Rhynchotikos [Goniorhynchus], this area 
is walled by a specialized extension from the basisphenoid. 

The particular pattern of the trunk vertebrae in cae- 
cilians could have arisen by the fusion of the intercentrum 
of goniorhynchids with the anterior margin of the pleu- 
rocentrum. Rhynchonkos shows a greater degree of limb 
reduction than other microsaurs and has approximately 
36 trunk vertebrae (see Figure 9-30d). 

We may attribute many of the anatomical similarities 
between Rhynchonkos and caecilians to adaptation to a 
burrowing way of life in both groups. However, in the 
absence of any more positive evidence of their ancestry, 
it is as reasonable to assume that caecilians evolved from 
microsaurs with a generally similar morphology as it is 
to postulate that they are derived from the ancestors of 


frogs or salamanders, which are known to have adapted 
to entirely different ways of life. 

Wake and Hanken (1982) reached an entirely dif- 
ferent conclusion in a recent study of the embryological 
development of the skull in the caecilians Dermophis. 
They argued that the extensive dermal ossification in this 
group developed secondarily from a more open configu- 
ration and that they could not be derived directly from 
any of the known groups of Paleozoic amphibians. We 
will have difficulty establishing the phylogenetic position 
of the Gymnophiona with any assurance until relevant 
fossils are found in the early or middle Mesozoic. 

Modern caecilians are classified in four families, with 
a total of approximately 34 genera, none of which has a 
fossil record (Taylor, 1968; Nussbaum, 1977). The geo- 
graphical distribution of the families does not conform 
with the modern arrangement of the continents. This may 
reflect an original distribution prior to the establishment 
of the modern continental pattern, which suggests an early 
Mesozoic or late Paleozoic origin for the group. 


Summary 

Paleozoic amphibians form a phylogenetic link be- 
tween the rhipidistian fish and more advanced tetra- 
pods. The earliest amphibians, the Upper Devonian ich- 
hyostegids, retain many primitive features of the skull, 
vertebrae, and girdles from their fish ancestors but have 
fully developed limbs for terrestrial locomotion. 

Changes in the skeleton between rhipidistian fish and 
early amphibians are related to the requirements of sup- 
port, feeding, and locomotion on land. Changes in the 
physiology of water balance and the structure of the sense 
organs were also necessary to adapt to life out of the 
water. Most amphibians lay their eggs in the water or in 
damp places on land, and many have a long aquatic larval 
stage. 

The fossil record of amphibians in the Lower Car- 
boniferous is very incomplete and little is known of the 
specific interrelationships of the numerous lineages. We 
recognize two major groups of Paleozoic amphibians, the 
labyrinthodonts, which retain many of the features of 
their rhipidistian ancestors, and the smaller, more spe- 
cialized lepospondyls. 

Labyrinthodonts were typically large animals, up to 
a meter in length, with an anatomy that was quite unlike 
modern amphibians. They occupied a spectrum of ter- 
restrial, semiaquatic, and secondarily aquaric habitats. The 
most common labyrinthodonts were the temnospondyls, 
which are typified by multipartite vertebral centra that 
retain large intercentra. They were represented in the late 
Carboniferous and early Permian by a number of terres- 
trial families, but in the later Permian and Triassic, they 
are known primarily by secondarily aquatic groups. 
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The anthracosaurs, which are characterized by large 
pleurocentra, include the aquatic embolomeres and the 
more terrestrial gephyrostegids and seymouriids. The so- 
lenodonsaurids, limnoscelids, and tseajiids share several 
derived features with primitive reptiles. We have not es- 
tablished their specific relationships. 

Several very distinct groups of Paleozoic amphibians 
are grouped as lepospondyls. Their origin and interrela- 
tionships remain unknown. They include the snake-like 
ai'stopods, the newt-like nectrideans, and the microsaurs. 
All have spool-shaped pleurocentra and lack the palatine 
fangs and otic notches that characterize labyrinthodonts. 
These features may all be associated with small body size 
and do not necessarily support common ancestry. 

Most groups of Paleozoic amphibians became extinct 
by the end of the Triassic; one genus survives into the 
Middle Jurassic. 

The radiation of the modern amphibian groups began 
in the early Mesozoic. A possible ancestor of the frogs, 
Triadobatrachus, is known in the early Triassic. Members 
of several modern frog families are present in the Jurassic. 
Salamanders are known since the late Jurassic and cae- 
cilian vertebrae are reported from the Upper Cretaceous 
and Paleocene. 

Triadobatrachus provides a plausible link between 
Paleozoic labyrinthodonts and frogs. The origin and re- 
lationships of salamanders and caecilian remain uncer- 
tain. The presence of pedicellate teeth in all three groups 
and the operculum-opercularis complex in frogs and sal- 
amanders suggest that the modern amphibian groups share 
a common ancestry from among the Paleozoic amphibi- 
ans. However, no fossils are known that support this 
hypothesis, and all three groups may have evolved sep- 
arately from distinct ancestral groups. 

Frogs almost certainly evolved from temnospondyl 
labyrinthodonts, with which they share an impedance- 
matching ear. Salamanders and caecilians may have evolved 
from different groups of microsaurs. The separate origin 
of the three groups is supported by the different pattern 
of the jaw musculature in modern frogs, salamanders, and 
caedlians which suggests that each evolved separately from 
ancestors that retained a solidly roofed temporal region. 
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Reptiles, birds, and mammals constitute a single assem- 
blage, the Amniota, that is distinguished from amphibians 
by the evolution of a reproductive pattern free of standing 
water. Many amphibians lay their eggs in the water, and 
the young typically hatch out at an immature or larval 
stage that depends on the water for support, gas exchange, 
and food. The eggs of modern genera are no more than 
10 millimeters in diameter and have only a limited supply 
of yolk and no protective membranes or shell. The eggs 
of all other tetrapods develop extraembryonic mem- 
branes — the allantois, chorion, and amnion — that serve 
to retain water and provide for gas exchange, support, 
and protection so that the embryo may achieve an ad- 
vanced stage of development before it is hatched or born. 
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Relationships of 

AMNIOTES 

Amniotes appear to be a monophyletic group that 

evolved from a single stock of primitive tetrapods 
during the early Carboniferous. By the Upper Carboni- 
ferous, the amniotes had diverged into three major lin- 
eages: one that gave rise to mammals, a second to turtles, 
and a third to the majority of other reptilian groups and 
to the birds. 

A simplified phylogeny (Figure 10-1) shows that the 
groups customarily referred to as reptiles are a phylogen- 
etically heterogeneous assemblage. Within the modern 
fauna, crocodiles share a more recent common ancestry 
with birds than they do with lizards, snakes, or turtles. 
The ancestors of mammals are commonly classified as 
reptiles, yet they are phylogenetically closer to modern 
mammals than to any of the modern reptilian orders. 

Based on phylogenetic considerations, two major 
groups of amniotes can be recognized: the mammals and 
their ancestors, and all other amniotes. Nonmammalian 
amniotes may in turn be divided into two groups, the 
turtles and their immediate ancestors and an assemblage 
including crocodiles, birds, and lepidosaurs (lizards, snakes, 
and Sphenodon). The relative times of divergence of these 
groups is fairly well established, and all important extinct 

Squamates 

Sphenodon 

Turtles 


Figure 10-1. SIMPLIFIED PHYLOGENY OF AMNIOTES. The class 
Reptiiia, as customarily defined, includes all the darkly stippled lineages. 
Reptiles have a common ancestry but are considered paraphyletic since 
they do not include all their descendants. Birds and mammals can each 
be defined on the basis of unique, shared derived characters. Reptiles 
an be defined as amniotes that lack the specialized characters of birds 
and mammals. 



orders can be fitted into one or the other of these cate- 
gories with reasonable assurance. 

We may use the term reptile to refer informally to 
turtles, crocodiles, lepidosaurs, and primitive amniotes, 
but we cannot define the Reptiiia rigorously except as 
amniotes that are not birds or mammals. 

In sharp contrast with the fossil record of amphibi- 
ans, modern amniotes are linked to their Paleozoic ances- 
tors by a relatively complete sequence of intermediate 
forms. The earliest known amniotes are immediately rec- 
ognizable as members of this assemblage because of the 
similarities of their skeleton to those of primitive living 
lizards. 


Primitive amniotes 

Remains of the earliest known amniotes are found 

in two localities of early and middle Pennsylvanian 
age in Nova Scotia, eastern Canada (Carroll, Belt, Di- 
neley, Baird, and McGregor, 1972). These fossils are not 
found in normal coal-swamp deposits, such as those from 
which the majority of Carboniferous tetrapods have been 
found, but rather within the upright stumps of the giant 
lycopod Sigillaria. These trees grew in areas that were 
subject to periodic flooding, which resulted in the burial 
of the trees in several meters of sediments. The trees died 
and the central portion rotted out, but the bark was stronger 
and retained the cylindrical shape of the stump. After the 
withdrawal of the water, animals living on the newly 
developed land surface would occasionally fall into the 
hollow stumps. Eventually they died and were covered 
with sediments and fossilized. This unusual series of events 
led to the preferential preservation of the first truly ter- 
restrial vertebrates. 

The best-known primitive amniotes from the early 
Pennsylvanian are Hylonotnus (Figure 10-2) and Paleo- 
thyris (Figure 10-3). We include these genera and other 
genera from the later Pennsylvanian (Carroll and Baird, 
1972) and Lower Permian (Clark and Carroll, 1973) within 
the family Protorothyndae (Romeriidae) in the order Cap- 
torhinida. 



Figure 10-2. SKELETON OF ONE OF THE EARLIEST KNOWN 
AMNIOTES, HYLONOMUS LYELU FROM THE EARLY PENN- 
SYLVANIAN OF JOGGINS, NOVA SCOTIA. The remains were found 
within the upright stump of the giant lycopod Sigillaria. From Carroll 
and Baird, 1 972. 


194 


PRIMITIVE AMNIOTES AND TURTLES 



Figure 10-3. THE SKULL OF PRIMITIVE AMNIOTES. The skull of 
Paleothyris in (a) dorsal, ( b ) palatal, 3nd (c) occipital views. From Car- 
roll and Baird, 1972. (d) Occiput of the primitive mammal-like reptile 
Ophiacodon. From Romer and Price, 1940. With permission of the 
Geological Society of America. ( e ) Occiput of an immature specimen of 
Desmatodon, a carboniferous relative of Diadectes. From Vaughn, 1972. 
In all these skulls the supraoccipital is a broad plate of bone that links 
the exoccipitals and otic capsules with the dermal bones at the back of 
the skull table. (/) The stapes of Hylonomus, which is characteristic of 
primitive amniotes. From Carroll, 1969b. Abbreviations as in Figure 8-3. 


SKELETAL ANATOMY 
OF EARLY AMNIOTES 

The skeleton of early protorothyrids provides us with a 
good insight into the anatomy of the ancestral amniotes 
as well as a basis for evaluating their origin. The body 
was small — approximately 100 millimeters from the snout 
to the base of the tail — and the skeleton was very well 
ossified. Their general appearance would have closely re- 
sembled that of modern lizards. 


Skull 

The skull roof, like that of Paleozoic amphibians, forms 
a nearly complete dermal covering, with openings for the 
eyes, pineal, and nostrils. The pattern of the bones resem- 
bles that of small anthracosaurs such as the gephyroste- 
gids, except for the absence of an otic notch and the 
intertemporal bone. The area that was occupied by that 
bone in primitive amphibians appears to have been taken 
over by the extensive parietal, which separates the post- 
orbital from the supratemporal. The postparietal, tabular, 
and supratemporal are reduced in size and their exposure 
is limited to the occipital surface. 

The pattern of the occiput, which is unique among 
early tetrapods, indicates the divergence of amniote ances- 
tors from the other major groups prior to the evolution 
of a solid attachment between the back of the braincase 
and the skull roof. Protorothyrids have a large, platelike 
supraoccipital bone linking the dermal bones of the skull 
table with the exoccipital and otic capsule. In the primitive 
state, there appears to have been a sliding contact between 
the supraoccipital and the postparietal and tabular. The 
paroccipital processes, which extend from the otic cap- 
sules to the quadrates in modern lizards, were poorly 
developed and did not link the braincase to the cheek. 

Because the back of the braincase was initially not 
firmly attached to either the skull roof or the cheek, the 
stapes retained an important role in its support. The stapes 
is a large element, with an expanded foot plate, a thick 
shaft that extends obliquely and ventrolaterally toward 
the quadrate, and a short dorsal process that articulates 
with the otic capsule. The large size of the stapes and 
particularly its broad foot plate precludes its effective par- 
ticipation in an impedance-matching system such as was 
described previously in Chapter 9. However, a fenestra 
ovalis is present. 

It was long assumed that early amniotes had a tym- 
panum, but they lack an otic notch and a tympanum 
would have had to be very large to activate a stapes of 
this size. In later amniotes, either the squamosal, quadrate, 
or angular became specialized to support a large tym- 
panum. Hearing in early amniotes may have occurred by 
bone conduction, as in salamanders, caecilians, and those 
modern reptiles without a tympanum. In these groups, 
hearing is limited to relatively low-frequency, high-inten- 
sity sounds (Wever, 1978). 

The most significant feature of the palate in early 
amniotes is the presence of a transverse flange on the 
pterygoid. The portion of this bone that is lateral to the 
basicranial articulation is angled ventrally into the mouth 
cavity. In modern lizards, the transverse flange of the 
pterygoid serves as the origin of one of the largest of the 
jaw-closing muscles, the pterygoideus. The orientation of 
this muscle, which is at nearly right angles to the other 
adductor jaw muscles, enables it to exert its maximum 
force when the jaws are wide open. There is little evidence 
of the existence of a large pterygoideus muscle in any 
primitive amphibian. 
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In contrast with labyrinthodonts, the palate of prim- 
itive amniotes does not have large fangs. In most genera 
there are three rows of denticles, one on the transverse 
flange of the pterygoid, a second along the margin of the 
small interpterygoid vacuities, and a third extending across 
the palatine bone. Some early amniotes with large mar- 
ginal teeth show a trace of labyrinthine infolding, but this 
infolding is absent in most genera. Many early amniotes 
have two pairs of large marginal teeth near the anterior 
end of the maxilla that are broadly comparable with the 
mammalian canine teeth. 

The general structure of the braincase of early am- 
niotes resembles that of modern lizards (Figure 10-4). The 
occipital plate and otic capsule are well ossified, but the 
more anterior portion is largely cartilaginous, in contrast 
with the condition in most labyrinthodonts. The area os- 
sified in labyrinthodonts as the massive sphenethmoid may 
be represented by short, narrow plates of bone. Between 
the sphenethmoid and the otic capsule, the lateral wall of 
the braincase is not ossified. A movable basicranial artic- 
ulation links the base of the braincase with the palate. 

The basioccipital and base of the exoccipitals form 
a prominent medial occipital condyle that fits into a ring 
formed by the intercentrum and the arches of the atlas 
vertebra like the ball of a ball-and-socket joint. The otic 
capsule consists of a posterior opisthotic and anterior 
prootic. Together with the supraoccipital, they enclose 
the semicircular canals. 

In early amniotes, the elements of the palatoquadrate, 
which are still extensive in primitive amphibians, are re- 
duced to the relatively small epipterygoid and the quad- 
rate. The epipterygoid has a wide base that is in contact 
with the upper surface of the pterygoid and forms the 
basicranial articulation with the basisphenoid. Dorsally, 
the epipterygoid extends nearly to the skull roof as a 
narrow rod lateral to the area of the Vth nerve. The quad- 
rate has a broad base for articulation with the articular 
bone of the lower jaw and a narrow dorsal flange that is 
supported by the squamosal and the quadrate ramus of 
pterygoid. 

The lower jaw (Figure 10-5) lacks parasymphyseal 
tusks, which are present in early labyrinthodonts, and has 
one or two coronoids and a splenial. Otherwise, the ele- 
ments resemble those of most primitive amphibians. 

Postcranial skeleton 

The postcranial skeleton of early amniotes generally re- 
sembles that of the primitive living reptile Spbenodon. 
The vertebral centra consist of large spool-shaped pleu- 
rocentra, with deep recesses at both ends for the noto- 
chord, and small crescentic intercentra. In the primitive 
state, the neural arches are narrow and the zygapophyses 
are close to the midline (Figure 10-6). A suture between 
the neural arch and the pleurocentruin may remain in the 
trunk vertebrae. The elements of the atlas-axis complex 
are basically similar to those of primitive anthracosaurs, 
except for the greater degree of consolidation, with the 
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Figure 10-4. BRAINCASE OF PRIMITIVE AMNIOTES. (a) Ventral, 
(. b ) dorsal, (c) lateral, and (d) occipital views of the captorhinid Eocap- 
torhinus. Abbreviations as follows: bo tub, basioccipital tubercle; bpt 
tub, basipterygoid tubercle; bs, basisphenoid; cav cran, cavum cranii; 
con, occipital condyle; cr al, crista alaris; cr trab, crista trabecularis; cr 
vl, crista ventrolateralis; cult pro, cultriform process; ds, dorsum sella, 
f ant int car a, foramen anterior for internal carotid artery canal; f mag, 
foramen magnum; f post abd n VI, foramen posterior of abducens (VI) 
nerve canal; f post int car a, foramen posterior of internal carotid artery 
canal; f vid n, foramen for vidian (VII) nerve; gr int car a, groove for 
internal carotid artery; gr vid n, groove for vidian (VII) nerve; hyp f 
XII, hypoglossal (XII) nerve foramina; lap, lateral ascending process of 
supraoccipital; map, median ascending process; op, opisthotic; pop, 
paroccipital process; pr cl processus clinoideus; pro, prootic; pr sell, 
processus seliaris; ps, parasphenoid; rctr pit, retractor pit; s, stapes sc 
taen mar, scar for attachment of taenia marginalis; sel tur, sella turcica; 
so, supraoccipital; st for, stapedial foramen; str pr, supratrigeminal 
process; tr n, trigeminal notch; vag f IX, X, vagus foramen (IX, X); vid 
sul, vidian sulcus. From Heaton, 1979. 
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Figure 10-5. MEDIAL VIEW OF THE LOWER JAW OF PROTO- 
ROTHYRIS, A PRIMITIVE AMNIOTE FROM THE LOWER PER- 
MIAN. Abbreviations as in Figure 8-3, plus: smf, submeckelian fossa. 
From Clark and Carroll, 1973. 

axis arch and centrum fused. The earliest amniote in which 
an accurate count can be made has 32 presacral vertebrae, 
but other early genera have 24 or 25. Most early amniotes 
have two sacral vertebrae and a very long tail. Ribs are 
present throughout the trunk and at the base of the tail. 

The basic structure of the girdles and limbs resembles 
that of early anthracosaurs, although their proportions 
differ, suggesting more agile locomotion (Figures 10-7 and 
10-8). The size of the clavicles and cleithra is reduced, 
and the interclavicle has a distinctive T shape. In the prim- 
itive state, the adult scapulocoracoid is ossified as a single 
unit with a screw-shaped glenoid. In immature specimens, 
we can see that it is formed from three centers of ossifi- 
cation: the vertical scapula and separate anterior and pos- 
terior coracoids. The humerus has a relatively long narrow 
shaft from which the extremities are expanded at right 
angles to one another. As in many primitive Paleozoic 
amphibians, there is an entepicondylar foramen. A su- 
pinator process, which is proximal to the ectepicondyle, 
may be a primitive feature for amniotes. The carpus has 
11 well-ossified, tightly fitting elements, including a pis- 
iform (Figure 10-8). The tarsus is specialized over that of 
most Paleozoic amphibians in having the tibiale, inter- 
medium, and proximal centrale fused into a single bone, 
the astragalus. Peabody (1951) documented this fusion 
ontogenetically. The fibulare is enlarged and is now termed 
the calcaneum. As in anthracosaurs, the phalangeal count 
of the manus is 2, 3, 4, 5, 3 and that of the pes is 2, 3, 
4, 5, 4. Based on the similarity of the joints of the girdles 
and limbs and the evidence of foot prints, we assume that 
the general pattern of locomotion in early amniotes prob- 
ably was broadly similar to that of primitive amphibians 
and has been little altered in primitive living lizards (Holmes, 
1977). 

Dorsal dermal scales are lost, but there are small 
scales extending between the pectoral and pelvic girdles 
that form a chevron pattern. 

REPRODUCTION AND DEVELOPMENT 

The most important characteristic that unites amniotes — 
the nature of the egg — cannot be directly determined from 
the skeleton. However, two lines of indirect evidence sug- 
gest the evolution of the amniote egg before the appear- 
ance of protorothyrids in the fossil record. 
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Extraembryonic membranes develop in a similar way 
in all three living groups of amniotes. It is more parsi- 
monious to assume that their common ancestor had al- 
ready developed this feature than to propose that it had 
evolved separately two or three times. The small size of 
the early fossils also suggests that they may already have 
achieved a pattern of reproduction approaching that of 
modern amniotes. 

Among salamanders, there is a close correlation be- 
tween the size of the egg and the size of the adult within 
three broad categories — those laying eggs in still water, 
those laying eggs in streams, and those laying eggs on land 
(Salthe, 1969). The closest comparison to amniotes occurs 
among plethodontid salamanders, which lay their eggs on 
land and whose young hatch out as miniatures of the 
adults. The eggs in this family are the largest in relation- 
ship to body size of any amphibian group. The large yolk 
sac contains enough nutrients for the young to develop 



Figure 10-6. VERTEBRAE OF PRIMITIVE AMNIOTES AND AN- 
THRACOSAURS. (a) Atlas-axis complex of the anthracosaur Gephy- 
rostegus. From Carroll, 1970. ( b ) Atlas-axis of the protorothyrid Fa- 
leotbyris. From Carroll, 1969b. ( c and d) Trunk vertebra of a primitive 
amniote based on the Carboniferous specimen number 1901.1378 from 
the Humboldt Museum, Berlin. ( c ) From Carroll, 1970. Anterior views 
of three primitive tetrapods with laterally expanded neural arches: (e) 
the limnoscelid Limnostygis, (f) Diadectes, and (g) Seymouria. Abbre- 
viations as follows: aas, accessory articulating surfaces; ic, intercentra; 
nc, neurocentral suture. 
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water that is otherwise lost from the embryo. Solutes 
within the urine render its contents hypertonic relative to 
fresh water. If the egg is laid on damp ground, water is 
drawn into the allantois by osmosis. In modern reptiles 
such as many lizards and turtles that have permeable egg 
shells, the water content within the egg may more than 
double during development because of absorption into 
the allantois. 

(a) ( b ) 



Figure 10-7. GIRDLES OF PRIMITIVE AMNIOTES. Pectoral girdle 
of Protorothyris in (a) lateral, (b) medial, and (c) ventral views. From 
Clark and Carroll, 1973. ( d ) Lateral view of the pelvis of Hylonomus. 
From Carroll, 1969a. With permission of Cambridge University Press. 
Abbreviations as follows: acf, anterior coracoid foramen; cf, coracoid 
foramen; cl, clavicle; clei, cleithrum; id, interclavicle; sc, scapula; sgf, 
supraglenoid foramen; ssc, suprascapular cartilage. 


to maturity before hatching. The absence of extraem- 
bryonic membranes is probably the factor that limits the 
size of the egg in all amphibians. Without the capacity 
for effective exchange of gases between the air and the 
embryo and retention of water for development, a larger 
size could not be achieved. 

The largest plethodontid salamanders that undergo 
direct development on land are no more than 100 milli- 
meters long from their snout to the base of the tail. Lizards 
of this body length lay eggs that are similar in size to those 
of the larger plethodontids. 

By analogy, one can argue that the origin of amniotes 
proceeded via a stage in which nonamniotic eggs were 
laid on land and development was direct. Prior to the 
evolution of extraembryonic membranes, adult size would 
have been restricted as it was in plethodontids, so that 
the largest eggs that could develop without extra support 
and protection would contain enough nutrients for the 
young to develop fully before hatching. Very large am- 
phibians, such as most labyrinthodonts, probably hatched 
out of similarly small eggs, but they had a protracted 
larval period in which they depended on the water for 
support, food, and exchange of respiratory gases. 

According to Szarski (1968), the first of the extraem- 
bryonic membranes to evolve would have been the allan- 
tois. In modern amniotes, it develops as a bladder to retain 



Figure 10-8. LIMB BONES OF PRIMITIVE AMNIOTES. Humerus 
in (a) dorsal and ( b ) ventral views, (c) Ulna in anterior view. Femur in 
{d) dorsal and (e) ventral views, based on a protorothyrid from the 
Lower Permian, x lj. From Reisz, 1980. ( f) Carpus and manus of Pa- 
leothyris. From Carroll, 1969a. (g) Lower limbs, tarsus and pes of Pa- 
leothyris, X lj. From Carroll, 1969a. (d and e) With permission of 
Cambridge University Press. Abbreviations as in Figure 9-10 plus: adc, 
adductor crest; cap, capitellum; ect gr, ectepicondylar groove; ent f, 
entepicondylar foramen; fib, condyle for fibula; in f, intertrochanteric, 
fossa; in t, internal trochanter; olec, olecranon; sig, sigmoid notch; sup, 
supinator process; t, trochlea; tib, condyle for tibula. 
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With the development and enlargement of the allan- 
tois, the more superficial layers of tissue that covered the 
embryo in the primitive state were forced out from their 
original position and reflected over the body. These layers 
form the chorion, which together with the surface of the 
allantois serves for gas exchange. A further membrane, 
the amnion, forms a fluid-filled chamber that surrounds 
the embryo. In order to fertilize eggs laid on land, internal 
fertilization probably evolved early in amniote evolution. 
Since copulatory organs are absent in the primitive living 
genus Sphenodon and have apparently evolved separately 
in the ancestors of lizards and crocodiles, they were almost 
certainly absent in the early amniotes. 

A permeable membranous shell presumably evolved 
in conjunction with the extraembryonic membranes. An 
object that was presumed to be the oldest amniote egg 
was described from the Lower Permian of Texas, but it 
lacks a calcareous shell and the evidence that it is an egg 
is equivocal (Hirsch, 1979). 

The absence of palatal fangs, labyrinthine infolding 
of the enamel, and the posterior emargination of the cheek 
(otic notch) are also features of lepospondyl amphibians. 
Since these structures all become elaborated during growth 
in labyrinthodonts, their absence in all these groups may 
be associated with maturation at a small body size. Early 
amniotes also resemble lepospondyls in having spool-shaped 
vertebral centra, which also may be associated with 
achieving a higher degree of ossification at a small body 
size than is the case with most labyrinthdonts. The as- 
sociation of these characters suggests that the origin of 
amniotes may be related to a major change in develop- 
mental processes. 

FEEDING AND LOCOMOTION IN 
EARLY AMNIOTES 

We may associate the small body size in early amniotes 
with dietary specialization as well as reproductive pat- 
terns. The large size of the body and disproportionately 
large head and long sharp teeth in early labyrinthodonts 
suggest that they were most effective in preying on other 
large vertebrates. In contrast, the early amniotes closely 
resemble primitive living lizards in their small body size 
and proportionately small skull. The structure of the teeth 
and probable arrangement of the jaw musculature in early 
amniotes resemble those of living lizards that feed almost 
exclusively on insects and other small arthropods (Pough, 
1973). This association suggests that a major factor in 
the emergence of early amniotes was their adaptation to 
feeding on small terrestrial arthropods that were becom- 
ing increasingly diverse during the Carboniferous. 

Early amniotes have a more fully ossified skeleton 
than most Paleozoic amphibians, and the proportions of 
the limbs suggest that they were more agile. All living 
amniotes have a much more complete and effective system 
of muscle stretch receptors than do amphibians. An ad- 


vance in the coordination of their locomotion probably 
was another important factor in the success of the early 
amniotes. 


THE ANCESTRY OF AMNIOTES 

Prior to the Lower Pennsylvanian, no deposits are known 
that yield a truly terrestrial fauna, and there is no earlier 
record of either reptiles or their immediate ancestors. The 
early amniotes are sufficiently distinct from all Paleozoic 
amphibians that their specific ancestry has not been es- 
tablished. In their body proportions, they resemble mi- 
crosaurs such as Tuditanus (see Figure 9-30), but they 
differ from all lepospondyls in having a multipartite atlas- 
axis complex. Early amniotes differ from temnospondyls 
in the primitive absence of a solid union between the skull 
table and the cheek, in the large size of the pleurocentrum 
and higher phalangeal count. 

Among Paleozoic amphibians, only the anthraco- 
saurs share significant derived characters with early am- 
niotes. These features include contact between the tabular 
and parietal and the dominance of the pleurocentrum. 
Although a multipartite atlas-axis complex is a feature of 
primitive labyrinthodonts, only in anthracosaurs is the 
pleurocentrum the major element that supports the atlas 
and axis arches as it does in early amniotes. 

Amniotes also share with anthracosaurs a five-toed 
manus and a phalangeal count of 2, 3, 4, 5, 3. However, 
we are not certain that these features are unique to an- 
thracosaurs among primitive Paleozoic amphibians. 

Another reason for relating amniotes with anthra- 
cosaurs is the presence of several groups of late Carbon- 
iferous and early Permian tetrapods — including the lim- 
noscelids, tseajaiids, and solenodonsaurids — that resemble 
primitive anthracosaurs in their anatomy, particularly in 
the structure of the occiput, but that have some charac- 
teristics of primitive amniotes. The largest forms are more 
than 1 meter long; their postcranial skeleton is specialized 
for terrestrial locomotion with stout limbs and well- 
developed pleurocentra. The most important feature that 
these groups share with primitive amniotes is the trans- 
verse flange of the pterygoid. Limnoscelis has lost the 
intertemporal bone, but the postorbital rather than the 
parietal has grown into the area it once occupied. 

Tseajaia and limnoscelids both have greatly ex- 
panded neural arches, a feature that is also observed among 
some Permian amniotes (see Figure 10-6). This speciali- 
zation was once thought to be a primitive character of 
amniotes. However, it is not present in the earliest am- 
niote groups and may have evolved convergently within 
several later lineages in association with large body size. 

Some of the advanced features seen in these anthra- 
cosaurs and early amniotes were apparently achieved sep- 
arately. Nevertheless, the tendency toward more effective 
terrestrial locomotion and similar changes in the palate 
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Figure 10-9. RESTORATION OF THE SKELETON OF DIA- 
DECTES , A PRIMITIVE TETRAPOD OF UNCERTAIN AFFINITIES 
(about 3 meters long). Most of the postcranial skeleton resembles that 

may indicate a closer relationship between these two groups 
than between amniotes and any other orders of Paleozoic 
tetrapods. 

The taxonomic position of another family, the Dia- 
dectidae, remains in doubt. Diadectes (Figures 10-9 and 
10-10), one of the largest of Lower Permian vertebrates, 
reaches 3 meters in length. Most of the postcranial skel- 
eton resembles that of primitive amniotes, except for fea- 
tures associated with its large size. The skull is highly 
specialized in having a partial secondary palate and mo- 
lariform cheek teeth. These features suggest a diet of plants 
or hard-shelled invertebrates. Diadectes has an otic notch, 
which had led some to compare this genus with anthra- 
cosaurs, but the notch is formed by the quadrate, as in 



Figure 10-10. THE PALATE OF DIADECTES. The cheek teeth are 
expanded transversely to form a large crushing area. The palatine bone 
forms a partial secondary palate. The skull roof is formed of thick spongy 
bone, unlike that of other early tetrapods. Abbreviations as in Figure 
8-3. From Carroll, 1 969c. 


of primitive amniotes if adjustment is made for its great size. From 
Carroll, 1969c. 

advanced amniotes, not by the squamosal, as in amphib- 
ians. The presence of a large supraoccipital in the early 
diadectids suggests that they evolved from the base of the 
same lineage that gave rise to the protorothyrids, but they 
may have evolved separately from the primitive anthra- 
cosaurs. 

The term Cotylosauria, which is commonly used in 
reference to the primitive reptilian stock, was originally 
coined for the genus Diadectes. It became associated with 
a wide range of primitive tetrapods, including the sey- 
mouriamorphs and other terrestrial anthracosaurs as well 
as a host of primitive amniotes. The presence of swollen 
neural arches was one of the most conspicuous features 
by which this group was recognized (Heaton, 1980). Since 
the term cotylosaur has been used to include both am- 
phibians and reptiles and because the phylogenetic posi- 
tion of the Diadectidae remains contentious, an alternate 
name, Captorhinida, is used here for the order that in- 
cludes the most primitive amniotes. 


Temporal openings and 

THE CLASSIFICATION OF 
AMNIOTES 

From their basic adaptation to a terrestrial way of 
life as small, agile insectivores, the early amniotes 
diversified during the Carboniferous into several distinct 
adaptive zones. Some increased their body size and de- 
veloped large slashing teeth in relation to a truly carniv- 
orous diet. Other lineages developed a crushing or grind- 
ing dentition as an adaptation toward feeding on hard- 
shelled prey or plant material. By the middle Permian, at 
least one group had become secondarily adapted to an 
aquatic way of life. 

Amniotes can be broadly classified on the basis of 
the pattern of openings in the dermal skull roof behind 
the orbits (Figure 10-11). In primitive amniotes, this area 
is completely covered with bone. This pattern is termed 
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Figure 10-11. SKULLS OF EARLY AMNIOTES SHOWING THE 
PATTERN OF TEMPORAL OPENINGS THAT DISTINGUISH THE 
MAJOR GROUPS, (a) The anapsid condition, illustrated by the pro- 
torothyrid Paleotbyris. ( b ) The synapsid condition, exemplified by the 
early mammal-like reptile Haptodus. (c) The diapsid condition, shown 
by Petrolacosaurus. ( d ) The nothosaur Neusticosaurus, illustrating the 
parapsid or euryapsid condition. The diapsid and synapsid configura- 
tions are thought to have evolved separately from the anapsid condition. 
The euryapsid pattern has evolved from the diapsid pattern by loss of 
the lower temporal bar. Abbreviations as in Figure 8-3. 


anapsid and forms the basis for the subclass! Anapsida, 
including the Captorhinida as a primitive stock. The tur- 
tles are typically included among the anapsids since they 
retain a continuous bony covering behind the orbits. 

Other amniote groups developed one or more pairs 
of temporal openings. The first group to diverge from the 
ancestral stock were the synapsids (Figure 10-12). This 
group, also termed the mammal-like reptiles, includes the 
ancestors of mammals. They have a single pair of openings 
located low in the cheek and bordered by the jugal, squa- 
mosal, and postorbital. The synapsids were the first group 
of amniotes to become abundant and diversified. Mem- 
bers had achieved large body size and differentiated into 
a range of habitats by the late Carboniferous. Their sub- 
sequent evolution is discussed in Chapter 17. 


Late in the Pennsylvanian, a second major group di- 
verged from the basal anapsid stock: the Diapsida. Diap- 
sids are characterized by the presence of two pairs of 
temporal openings — one pair located ventral to the post- 
orbital, like that of the synapsids, and a second pair dorsal 
to the postorbital and squamosal and lateral to the pa- 
rietal. The major groups of Mesozoic amniotes, including 
the dinosaurs and the pterosaurs, arose from the base of 
the diapsid stock. This stock also gave rise to all living 
reptiles other than turtles. 

The diapsids are so diverse that it is convenient to 
recognize two major subgroups: the Lepidosauromorphs, 
which are represented in the modern fauna by spheno- 
dontids, lizards, and snakes, and the Archosauromorphs, 
which include the dinosaurs and their kin as well as the 
living crocodiles. 

Two major groups of Mesozoic marine reptiles, the 
plesiosaurs and ichthyosaurs, have an upper temporal 
opening like that of the diapsids but lack a clearly defined 
lateral opening. The postorbital and squamosal form a 
wide cheek. This pattern has been termed parapsid or 
euryapsid and was thought to have arisen directly from 
an anapsid configuration. The pattern seen in plesiosaurs 
can be derived from that of early diapsids by elimination 
of the lower temporal bar and thickening of the postor- 
bital and squamosal (Carroll, 1981). An intermediate stage 
is illustrated by the Triassic nothosaurs. Nothosaurs and 
plesiosaurs are classified in the subclass Sauropterygia, 
which is discussed in Chapter 12. 

Ichthyosaurs may also have evolved from the diapsid 
stock, but no intermediate forms are recognized. The 
ichthyosaurs have diverged so far from the basic reptilian 
body plan that they may be placed in a distinct subclass, 
the Ichthyopterygia. 

Development of temporal openings was not limited 
to these major subclasses but also occurred among several 
minor groups that are included among the Anapsida on 
the basis of their otherwise conservative anatomy. The 
nature of the temporal openings nevertheless provides a 
practical basis for distinguishing the major groups of am- 
niotes. Surprisingly, the reasons for their initial devel- 
opment are still not adequately established. When fully 
elaborated, their configuration can be related to particular 
patterns of the adductor jaw musculature, but this func- 
tion does not account for their initiation as small openings 
in the otherwise relatively smooth skull roof. 

The development of temporal openings may be at- 
tributed to two major factors: differential concentration 
of mechanical stress in the skull and concentration of 
areas of muscle attachment. From studies of living ver- 
tebrates, we know that during growth bone is deposited 
most thickly along lines of stress; between areas of stress 
the bone may be thin or absent altogether. The particular 
shape and proportions of the skull in primitive amniotes 
determine where stress was concentrated. The fact that 
muscles can he more strongly attached to ridges and edges 
of bone than to flat surfaces would account for the con- 
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Figure 10-12. PATTERN OF RELATIONSHIPS AMONG EARLY AMNIOTES. The skeletal anatomy of 
protorothyrids remains relatively constant from the Lower Pennsylvanian through the Lower Permian. During 
this time, a series of other amniotc groups appear in the fossil record. Each may have independently evolved 
from the protorothyrid pattern. None show close relationships with one another. From Carroll, 1 982. 


centration of muscle origins along the thickened areas. 
The forces applied by the muscles would result in further 
thickening. 

Very thin areas of bone between the thickened ridges 
are subject to cracking, especially wheye they are crossed 
by sutures, such as the area of the cheek in primitive 
amniotes where the squamosal, postorbital, and jugal join. 
During feeding, force is concentrated on the sutures. This 
stress could be dissipated by the development of a larger 
opening with rounded margins in which the force is dis- 
tributed around the periphery. (In metal work and bone 
surgery, rounded openings may be made to dissipate force 
concentrated by sharp cracks, see Frost, 1967). This factor 
may account for the initial fenestration seen in synapsids 
and early diapsids. The different proportions of the skull 


in the specific ancestors of these groups may account for 
the particular position of the temporal openings. 


Diversity among 

PRIMITIVE ANAPSIDS 

CAPTORHINOMORPHS 

We may include most of the primitive anapsids from the 
Pennsylvanian and Lower Permian in the suborder Cap- 
torhinomorpha, within which several families may be rec- 
ognized. The Protorothyridae, which includes the earliest 
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and most primitive amniotes, appears to be a very con- 
servative group; except for a slight increase in overall size 
and a disproportionate increase in the size of the skull, 
there are few anatomical changes evident from the Lower 
Pennsylvanian into the Lower Permian (Clark and Car- 
roll, 1973). This family appears to represent a basal stock 
from which a succession of more specialized groups evolved. 
These groups include several suborders within the Cap- 
torhinida as well as the ancestors of all the advanced 
amniote groups (Carroll, 1982). 

Each of these derivative groups is already well dif- 
ferentiated when it first appears in the fossil record, and 
the specific times of their derivation has not been estab- 
lished. Some groups do not appear in the fossil record 
until the Middle Permian, but their ancestors may have 
diverged any time after the early Pennsylvanian. 

The Acleistorhinidae and Bolosauridae are among 
the minor groups that are recognized as distinct families 
(Figure 10-13). Both have lower temporal openings but 
show no other similarities with the synapsids. Bolosaurus 
has molariform cheek teeth with a specific occlusal pat- 
tern. The coronoid process of the lower jaw is elevated 
to provide a more powerful bite. 

The captorhinids are one of the most successful im- 
mediate descendants of the protorothyrids (Figure 10-14). 
They diversified in the Lower and Middle Permian and 


(a) t 



( b ) pf 



Figure 10-13. SKULLS OF TWO PRIMITIVE AMNIOTES FROM 
THE LOWER PERMIAN SHOWING LATERAL TEMPORAL OPEN- 
INGS. They show no dose affinities with other groups, (a) Bolosaurus, 
in which the cheek teeth are expanded and show precise occlusion; note 
also the high coronoid process, (h) Acleistorhinus. Abbreviations as in 
Figure 8-3. From Daly, 1969. 
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Figure 10-14. REPRESENTATIVES OF THE FAMILY CAPTOR- 
HIN1DAE. (a) Reconstruction of the skeleton of Eocaptorhinus. From 
Heaton and Reisz, 1980. ( b ) Occipital view of Eocaptorhinus. From 
Heaton, 1979. Note the massive stapes and large posttemporal fossa, 
(c) Palate of Captorhinus, showing multiple tooth row. The ectopter- 
ygoid bone is missing; its position is replaced by a medial process of 
the jugal. From Clark and Carroll, 1973. Abbreviations as in Figure 8-3. 

are known in Africa, Russia, India, China, and North 
America. Heaton (1979), Gaffney and McKenna (1979), 
de Ricqles and Taquet (1982), and Kutty (1972) have 
published recent studies of this group. Most captorhinids 
have multiple rows of marginal teeth. This may have come 
about by a delay in tooth loss at the time new teeth were 
added. As many as 12 rows were functional at a time, 
with the earlier tooth rows “drifting” laterally across the 
jaw surface (de Ricqles and Bolt, 1983). Such a dentition 
might have been an adaptation to feeding on plant ma- 
terial or hard-shelled invertebrates for which a wide tooth 
plate might be more effective than just a single row of 
marginal teeth. 

Captorhinids are common reptiles in the early Per- 
mian, and we can recognize many genera on the basis of 
the number and arrangement of the tooth rows. The su- 
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pratemporals are reduced and later lost, and the tabulars 
are missing. In advanced genera, the braincase is sup- 
ported by the paroccipital processes of the otic capsules, 
which extend to the cheek. The early members of the 
group were as small as the protorothyrids, but some of 
the later survivors had skulls up to 40 centimeters long. 
In relation to their large size, the neural arches are swollen 
and the zygapophyses laterally placed, like those of dia- 
dectids, seymouriamorphs, and limnoscelids. Captorhin- 
ids are not known to survive the Permian, but early mem- 
bers of the group show some characteristics that are 
expected in the ancestors of turtles, including the loss of 
the ectopterygoid bone (Gaffney and McKenna, 1979). 


MILLEROSAURS 




The millerosaurs (Figure 10-15) which are known from 
the middle and late Permian of South Africa, may be 
considered as a logical extension of the way of life seen 
in primitive captorhinomorphs. They have small bodies, 
proportionately small skulls, and simple conical teeth, 
which suggest an insectivorous diet. As Gow (1972) de- 
scribed, the skull roof is primitive in the retention of large 
postparietals, tabulars, and supratemporals, but other 
cranial features are significantly specialized. There is typ- 
ically (but not always) a lateral temporal opening; the 
lower temporal bar may not be complete, and the quad- 
rate, squamosal, and quadratojugal may have been mov- 
able relative to both the maxilla and the skull roof. The 
jaw articulation is anterior to the occipital condyle, so 
that the posterior margin of the cheek is in line with the 
fenestra ovalis. The stapes is a small, light rod that extends 
directly laterally. The squamosal and quadratojugal are 
embayed posteriorly like an otic notch to support a tym- 
panum. This pattern is expected for the structure of an 
impedance matching ear and is apparently the first man- 
ifestation of such a structure in amniotes. Most advanced 
diapsids and turtles support the tympanum by the quad- 
rate. In millerosaurs, the quadrate retains the primitive 
configuration seen in captorhinomorphs. 

The millerosaurs were succeeded in time by true liz- 
ards, which probably were more successful in exploiting 
the same general way of life. Some authors have suggested 
that millerosaurs were ancestral to lizards, but it is now 
clear that lizards (as discussed in the next chapter) evolved 
from primitive diapsids with a dorsal as well as a lateral 
temporal opening. 

PROCOLOPHONOIDS 

Another group that evidently evolved from the primitive 
captorinomorph stock are the procolophonoids (Figures 
10-16 and 10-17). They are first recognized in the late 
Permian and are common and diverse throughout the 
world until the end of the Triassic. We have had difficulty 
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Figure 10-15. SKULL OF THE MILLEROSAUR MILLEROSAU- 
RUS, x 2. (a) Dorsal view. ( b ) Palatal view, (e) Lateral view. ( d ) Occipital 
view. Abbreviations as in Figure 8-3. Based on specimens in the Bernard 
Price Institute, University of Witwatersrand, South Africa. 

establishing their ancestry because of the specialized anat- 
omy of the later members of this group, but recently de- 
scribed specimens from the Upper Permian of Russia and 
Madagascar link them with the basic protorothyrid stock 
(Ivachnenko, 1979). 

Procolophonoids retain what appears to be a very 
primitive pattern of the postcranial skeleton. Like pro- 
torothyrids, but in contrast to all other reptiles from beds 
above the Lower Permian, the caudal ribs are not fused 
to the centra and extend posteriorly to parallel the axis 
of the tail. Within the group (and like the larger captor- 
hinids), the neural arches widen and the zygapophyses 
flatten to facilitate lateral undulation. The limbs show a 
sprawling posture. The endochondral shoulder girdle is 
ossified in three units that are distinct in the adults: the 
dorsal scapula and the anterior and posterior coracoids. 
These elements are evident in immature specimens of cap- 
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Figure 10-16. Skeleton of the Lower Triassic procolophonoid Procol- 
ophon, x|. From Colbert and Kitching, 1975. Courtesy of the Library 
Services Department, American Museum of Natural History. 


torhinids and pelycosaurs and may be primitive for am- 
niotes, but in most early genera they coossify at an early 
stage so that they are indistinguishable in the adult. The 
attachment of the pelvic girdle is enhanced in all procol- 
ophonoids by the incorporation of a third sacral rib. 

The skull of procolophonoids is specialized in having 
the orbital margin embayed posteriorly to expose the area 
of the jaw musculature as a pseudotemporal opening. As 
in millerosaurs, the jaw articulation is anterior to the 
occipital condyle and there is a narrow, laterally directed 
stapes that probably participated in an impedance-match- 
ing system. As in millerosaurs, the tympanum would have 
been supported by the squamosal rather than by the quad- 
rate, as was the case in most diapsids and turtles. 

The dentition of early procolophonoids from the Up- 
per Permian of Russia, Madagascar, and South Africa is 
primitive. It consists of a large number of small, peglike 
teeth. The skull roof is thin and fragile. In the widespread 
and diverse Triassic procolophonoids, the number of teeth 
is much reduced and each is a bulbous, transversely ex- 
panded structure that was possibly associated with a her- 
bivorous diet. The skull is enlarged and the bones variably 
thickened (Colbert, 1946; Carroll and Lindsay, 1985). 

In the Middle and Upper Triassic, the late members 
of the group reach a relatively large size and the skulls 



Figure 10-17. PROCOLOPHONOID SKULLS. Skull of the Upper Per- 
mian procolophonoid N yctiphruretus in (a) dorsal, (b) palatal, (c) lat- 
eral, and (d) occipital view, X 1. From Ivachnenko, 1979. ie) The Upper 
Triassic genus Hypsognathus, X f From Colbert, 1946. Courtesy of the 
Library Services Department, American Museum of Natural History. 
Abbreviations as in Figure 8-3. 


CHAPTER X 


become specialized in a bizarre manner by the elaboration 
of long processes from the lower cheek, which probably 
protected animals that, to judge by their postcranial skel- 
eton, must have been clumsy and slow moving. 

PAREIASAURS 

The largest members of the Captorhinida are the pareia- 
saurs from the Middle and Upper Permian of Africa, west- 
ern Europe, Russia, and China (Figures 10-18 and 10- 
19). They were elephantine animals that approached a 
length of 3 meters. The limbs were stocky but held in a 
more upright pose than in other primitive amniotes to 
support the massive trunk. The scapula is much longer 
than in other primitive tetrapods, and the pelvis has an 
almost mammalian configuration, with the pubis and is- 
chium small and rotated posteriorly behind the elongate 
ilium. This configuration may have helped accommodate 
muscles that moved the rear limbs in a manner approach- 
ing the fore and aft gait of mammals. The feet were short, 
had a reduced number of phalanges, and faced anteriorly. 

The skulls are short, massive, and laterally expanded. 
The jaw articulation is well anterior to the occipital con- 
dyle, which increased the mechanical advantage of the 
jaw musculature while decreasing the gape. The palate is 
strongly integrated with the base of the braincase and the 
margins of the skull. The teeth have laterally compressed 
leaf-shaped crowns that are similar in shape to the teeth 
of modern herbivorous lizards. Together with the massive 
trunk region, they suggest that the pareiasaurs had a her- 
bivorous diet. Most genera had small bony plates embed- 
ded in the skin of the trunk region. 

Although pareiasaurs resemble both the diadectids 
and procolophonids in adapting to a herbivorous diet, the 
dentition and most aspects of the cranial anatomy are 
very different, which discourages any suggestion that they 
might be closely related. The origin of the pareiasaurs 
remains speculative. Wild (1985) provides the latest in- 
formation bearing on their possible relationships. 



Figure 10-18. THE PAREIASAUR SCUTOSAURUS FROM THE 
LATE PERMIAN OF RUSSIA; ORIGINAL 2 METERS LONG. From 
Gregory, 1 951. Courtesy of the Library Services Department, American 
Museum of Natural History. 
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Figure 10-19. SKULL OF THE PAREIASAUR SCUTOSAURUS. (a) 
Anterior, ( b ) palatal, and (c) occipital views. Specimen is from the Upper 
Permian of Russia. Width about 50 centimeters. Abbreviations as in 
Figure 8-3. From Kuhn, 1969. 

MESOSAURS 

Although the basic adaptation of amniotes was toward a 
terrestrial way of life, again and again divergent groups 
have become specialized for life in the water. The earliest- 
known amniotes that were fully committed to an aquatic 
way of life were the mesosaurs (Figures 10-20 and 10- 
21) from the Permian of southern Africa and eastern South 
America. Conservative features of their skeleton resemble 
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Figure 10-20. MESOSAURUS SKELETON, ABOUT I METER LONG. This aquatic genus is known from the Middle 
Permian of South America and South Africa. Modified from von Huene, 1941, and McGregor, 1 90S. 


the primitive captorhinomorphs, hut the body propor- 
tions were altered in adapting to swimming and feeding 
in the water. 

The snout was greatly elongated, a common feature 
of many secondarily aquatic tetrapods. The very long, 
slender teeth may have formed a straining device that 
enabled the mesosaurs to feed on the small crustaceans 
that abound in the same deposits. The skull has long been 
thought to have a lateral temporal opening, as in syn- 
apsids, but specimens being described by Olafson and 
Reisz show that the cheek is not fenestrated. 

The neck is much longer than that of the captorhi- 
nomorphs — another feature common to secondarily aquatic 
reptiles — with 10 vertebrae anterior to the shoulder gir- 
dle. This condition may have been achieved by a posterior 
shift of the shoulder girdle or by the addition of extra 
cervical vertebrae. 

The long and laterally compressed tail probably served 
for aquatic propulsion. The ribs at the base of the tail are 
fused to the caudal vertebrae, unlike those of more prim- 
itive amniotes, to permit more solid attachment of the 
muscles. Surprisingly, the more posterior vertebrae show 
evidence of caudal autotomy like those of the terrestrial 
captorhinids. T 

The neural arches of the trunk are widely expanded, 
which limited twisting of the column but facilitated lateral 
bending. The trunk ribs are thickened, approaching the 
shape of bananas, in contrast with the slim ribs of most 
primitive amniotes. The same pattern is seen in modern 
sirenians, which show a similar degree of aquatic adap- 
tation. Thickening of the ribs and an increase in their 
internal ossification, a condition termed pachyostosis, 
would have increased the weight of the animals so that 
they could stay submerged without muscular effort. 

The girdles are somewhat smaller than their coun- 
terparts in protorothyrids and captorhinids, and the blade 
of the scapula is notably shorter. The ulna and radius and 
the tibia and fibula are shorter relative to the humerus 
and femur. The rear foot is a large, paddle-shaped struc- 
ture, with the fifth toe more elongated than in other early 
amniotes. 


The presence of mesosaurs on both sides of the At- 
lantic basin was used as an argument for the juxtaposition 
of Africa and South America long before continental drift 
became an accepted theory in geology. The mesosaurs 
may have been restricted to a single, large body of water. 
If we judge from its size and the presence of numerous 
marine invertebrates, this body of water was apparently 
a salt-water basin. No amniotes other than mesosaurs are 
known from the Carboniferous or Lower Permian in South 
America or southern Africa. There is no evidence for the 
relationship of mesosaurs to any subsequent group of 
aquatic reptiles. McGregor (1908) and von Huene (1941) 
were the last to describe mesosaurs. Additional study might 
clarify their taxonomic position. 


(«) 



(b) 



Figure 10-21. SKULL OF MESOSAURUS. (a) Dorsal and (b) palatal 
view. Recent work indicates that the cheek was solidly ossified, without 
a lateral temporal opening. Abbreviations as in Figure 8-3. From von 
Huene, 1941. 
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EUNOTOSAURUS 

Some authors have suggested that Eunotosaurus, from 
the middle Permian of southern Africa, was a link between 
primitive amniotes and the ancestors of turtles. The post- 
cranial skeleton shows widely expanded ribs, like those 
of turtles, and there are only 10 trunk vertebrae with 
greatly elongate centra (Figure 10-22). The ilium is very 
high and attached by only a single sacral rib. In other 
features of the postcranial skeleton, Eunotosaurus re- 
mains primitive. There is no trace of dermal armor, and 
the blade of the scapula is external to the ribs. What is 
known of the limbs resembles the pattern of captorhi- 
nomorphs. 



Figure 10-22. EUNOTOSAURUS FROM THE UPPER PERMIAN 
OF SOUTHERN AFRICA, (a) Postcranial skeleton. From Cox, 1969. 
(hand c) Skull. The pattern of the trunk and ribs is similar to that of 
turtles, but the skull shows no evidence of affinities with that group. 
From Keyser and Gow, 1981. Abbreviations as in Figure 8-3. 


Until recently, very little was known of the skull. 
Keyser and Gow (1981) demonstrate that Eunotosaurus 
shares no important derived features of the cranium with 
turtles. The presence of a platelike occiput, which is formed 
by very large postparietals that reach the opisthotic would 
appear to preclude development of the pattern of the ad- 
ductor jaw musculature that is characteristic of all Che- 
lonia. In turtles, the musculature extends posteriorly 
through the occiput via the posttemporal fossae. The cheek 
of Eunotosaurus is deeply emarginated ventrally, with the 
quadrate and quadratojugal being separated from the ju- 
gal. There is a normal marginal dentition. 

Eunotosaurus is classified in a distinct suborder of 
the Captorhinida but has no obvious affinities with other 
members of this group. 

Testudines 

All of the groups so far discussed became extinct by 

the end of the Triassic. All the advanced amniotes 
evolved from among the early captorhinomorphs. The 
ancestors of the mammals and diapsids were already dis- 
tinct within the Pennsylvanian. A third major group of 
modern amniotes, the turtles, may also have evolved from 
the early Captorhinida. Because they did not develop or- 
thodox temporal openings, turtles are usually included 
within the subclass Anapsida and distinguished only as a 
separate order, the Testudines or Chelonia. 

However, the assignment of the turtles to the An- 
apsida is somewhat arbitrary, since their ancestors prob- 
ably diverged from the primitive captorhinomorph stock 
later than either the synapsids or the diapsids. In addition, 
their overall anatomy and way of life is so different from 
that of the early anapsids that it is more logical to place 
them in a distinct subclass. 

The earliest turtles are found in Upper Triassic sed- 
iments in Germany. They are immediately recognizable 
from the pattern of the shell, which is closely comparable 
to that of modern genera. No trace of earlier or more 
primitive turtles has been described, although turtle shells 
are readily fossilized and even small pieces are easily rec- 
ognized. Apparently, the earlier stages in the evolution of 
the shell either occurred very rapidly or took place in an 
environment or part of the world where preservation and 
subsequent discovery were unlikely. 

In relationship to the evolution of the shell, the post- 
cranial skeleton of even the earliest turtles is so altered 
from that of primitive amniotes that it gives few clues of 
their specific relationships. The skulls of late Triassic tur- 
tles are also highly specialized. There is no evidence for 
the prior existence of temporal openings, which precludes 
their close relationship to early synapsids or diapsids. The 
presence of large posttemporal fossae and the absence of 
the ectopterygoid bone in the palate are features that are 
shared with members of the Family Captorhinidae, but 
the skull is otherwise so much altered that we cannot 
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Figure 10-23. SKULL OF ONE OF THE EARLIEST KNOWN TURTLES, PROGANOCHELYS FROM THE UPPER 
TRIASSIC OF GERMANY. x| (a) Dorsal view, (b) Palatal view, (c) Anterior view, (d) Occipital view, (<?) Lateral view. 
Abbreviations as in Figure 8-3. From Gaffney and Meeker, 1983. 


establish with assurance that turtles evolved from that 
family rather than from some other, as yet unrecognized, 
lineage of early anapsids. 

TRIASSIC TURTLES 

Many superbly preserved skeletons of turtles are found 
in the late Triassic of Germany. Other material has re- 
cently been reported from the Upper Triassic of Thailand 
(de Broin, Ingavat, Jauvier, and Sattayarak, 1982) and in 


beds of early Jurassic age in North America and southern 
Africa (Gaffney, 1987). 

Most of the specimens from Germany belong to the 
genus Proganocbelys, which represents an early stage in 
the evolution of chelonians (Figures 10-23 to 10-25). The 
specimens are large for turtles, approaching 1 meter in 
length. In their high arched shell and large body size, they 
resemble modern tortoises that are terrestrial in habits 
and herbivorous in diet. 

The skull, which Gaffney and Meeker (1983) recently 
described, already has many features that resemble those 
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in modern turtles. Marginal teeth are lost, and the surface 
of the premaxilla, maxilla, and dentary resemble the areas 
in living turtles that are covered with a horny beak. The 
temporal region that surrounds the jaw muscles, is solidly 
roofed, as in primitive amniotes. The tabular and post- 
parietal bones of the skull table are lost, but the supra- 
temporal, lacrimal bone, and lacrimal duct, which are 
missing in later turtles, are retained. In contrast with most 
advanced reptiles, the quadratojugal remains a large ele- 
ment in Proganochelys and other turtles. A pineal opening 
no longer pierces the skull roof. 

The quadrate is embayed posteriorly to form a broad 
otic notch for support of a tympanum, a condition not 
achieved in any members of the Captorhinomorpha. Dor- 
sally, the quadrates are attached to the paroccipital pro- 
cesses, which form a strong bar beneath the posttemporal 
fossae. These openings are large and separated by a nar- 
row supraoccipital, as in the captorhinids and later turtles. 

The palate is primitive in retaining rows of denticles 
on the pterygoid and vomer and in having a loose at- 
tachment with the base of the braincase, but the basi- 
cranial articulation has shifted posteriorly toward the level 
of the jaw articulation and the chamber for the adductor 
jaw musculature is closer to the occipital surface than in 
more primitive amniotes. 

The shell of Proganochelys broadly resembles that of 
modern terrestrial turtles (Figure 10-24). There is a broad 
arched carapace dorsally and a flat plastron protecting 
the ventral surface of the body. The plastron is attached 
to the carapace laterally by an area termed the bridge and 
is broadly open anteriorly for the head and forelimbs and 
posteriorly for the rear limbs and tail. 

The carapace is composed entirely of bone that forms 
as new centers of ossification within the dermis. Bony 
scutes are present in the skin oFpareiasaurs and croco- 
diles as well as in several Mesozoic groups, but they 
never develop such a solid interconnected armor as that 
of turtles. 

The plates that make up the carapace compare closely 
with those of most later turtles. Along the midline there 
are eight neural plates, each fused to the neural spines of 
the underlying vertebrae. Further medial plates, including 
an anterior nuchal and one or more pygal plates poste- 
riorly, are not fused to the vertebrae. Eight pairs of pleural 
or costal plates that are fused to the surfaces of the ribs 
make up the bulk of the carapace. More laterally there 
are 11 pairs of marginal plates. These complete the shell 
in modem turtles, but Proganochelys also has supramar- 
ginal plates forming the periphery of the carapace. 

The plastron of Proganochelys appears modern in its 
general configuration but differs from that of most living 
turtles in having a greater number of separate elements. 
Like the carapace, most of the bones of the plastron form 
from newly developed centers of ossification. In contrast, 
the anterior plates, the paired epiplastron and median 
entoplastron, are derived from the expanded ventral sur- 
faces of the clavicles and interclavicle. In most modern 



Figure 10-24. ( a ) Dorsal view of the carapace of the Triassic turtle 

Proganochelys, showing the pattern of the epidermal scutes. From Mlyn- 
arski, 1976. (b) Carapace of Proganochelys drawn so as to emphasize 
the pattern of the dermal bones. This pattern is common to all turtles. 
From Jacket, 1915. ( c ) Plastron of the Upper Triassic pleurodire Pro- 
terocheris. On the left side, the single lines show the division between 
the dermal elements; the double lines on the right side outline the epi- 
dermal scutes. From Mlynarski, 1976. 

turtles, the central portion of the plastron, including the 
bridge, is formed from two large paired plates, the hy- 
poplastra and hyoplastra. In Proganochelys and other 
primitive turtles, there are one or more pairs of additional 
bones, the mesoplastra, between the hypoplastra and the 
hyoplastra. As in modern turtles, the posterior margin is 
composed of paired xiphiplastra. 

In addition to the dermal elements, living turtles have 
a regular pattern of large epidermal scutes overlapping 
the bones of the carapace and plastron. These scutes do 
not fossilize, but they are closely integrated with the un- 
derlying bones and impressions of their margins indicate 
that they were already present in Proganochelys. 

The vertebral column beneath the shell is greatly 
modified in all turtles. Only 10 trunk vertebrae are pres- 
ent, and the individual centra are considerably elongated. 
Both the neural arches and the ribs are attached between 
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Figure 10-25. PECTORAL AND PELVIC GIRDLES OF TURTLES. 
(a and c) Proganochelys. From jacket, 1915—19 lfr:'{b and d) A modern 
turtle. \ 

the centra. The eight cervical vertebrae in Proganochelys 
show no specializations that would enable the head to be 
retracted, as is the case in the modern turtles. The neck 
is protected by overlying dermal ossifications. This genus 
has only a single pair of sacra! ribs, but most turtles have 
two. 

Turtles are unique among terrestrial vertebrates in 
having the ribs external to the girdles. In modern turtles, 
the ribs assume an unusually superficial position during 
embryological development. A broad disk of tissue in which 
they and the carapace ossify spreads out laterally beyond 
the girdles as a result of rapid growth. However, this 
developmental specialization does not provide any hint 
as to the way in which this pattern evolved phylogenet- 
ically. 

The limbs and girdles of all turtles are greatly mod- 
ified to accommodate the shell. Despite their partial in- 
tegration in the plastron, the clavicles and interclavicle 
are still clearly recognizable in Proganochelys (Figure 10- 
25). In the primitive state, the cleithrum (which is missing 
in later turtles) is a stout element that extends dorsally 
and expands beneath the surface of the carapace. The 
scapula and coracoid are separated by a suture running 


through the broad, widely open glenoid. In later turtles, 
an anterior process from the base of the scapula gives the 
primary girdle a triradiate shape. The pelvic girdle is more 
conservative. In most turtles, it retains the triradiate pat- 
tern of primitive reptiles, although a wide opening, the 
thyroid fenestra, develops between the ventral portion of 
the pubis and ischium. 

The configuration of the shell and its relationship to 
the girdles restricts the movement of the limbs and con- 
fines their posture to the sprawling gait of primitive cap- 
torhinomorphs. The humerus and femur are advanced 
over the primitive configuration in having a longer, more 
slender shaft and a hemispherical head, which presumably 
enabled them to move more freely in the otherwise con- 
fined space within the shell. The feet are much modified, 
with the phalangeal count reduced to 2, 2, 2, 2, 2 in 
Proganochelys. Later turtles more commonly show a count 
of 2, 3, 3, 3, 3. 

MODERN TURTLES 

Proganochelys represents a primitive stock, the suborder 
Proganochelida, from which all other turtles may have 
evolved. More advanced turtles may all be classified in 
one of two suborders, the Cryptodira and the Pleurodira. 
These names refer to the manner in which the living mem- 
bers of these groups retract their necks. The pleurodires 
do so by lateral flexure of the cervical vertebrae and the 
cryptodires by vertical flexure. The fossil record shows 
that changes in the configuration of the cervical vertebrae 
that enabled the head to be retracted did not occur before 
the late Cretaceous. Other differences in the anatomy of 
the skull and the nature of the shell characterize each of 
these groups as far back as they can be traced in the fossil 
record. The pattern that is typical of the cryptodire skull 
is evident by the Upper Jurassic. We do not find typical 
pleurodire skulls until the Lower Cretaceous, but shells 
with peculiarities common to the later genera are known 
as early as the Upper Triassic. 

Although the basic pattern of the shell common to 
living turtles was achieved by the late Triassic, subsequent 
changes have occurred in both of the advanced suborders. 
Nearly all advanced turtles have lost the extramarginal 
plates. Most pleurodires retain the mesoplastra, which are 
lost in all modern cryptodires. Pleurodires are specialized 
in having the pelvic girdle fused to the plastron and su- 
turally attached to the carapace. 

The skull changes significantly between the progan- 
ochelids and more modern turtles. These changes involve 
the ear region, the adductor chamber, and the area of 
attachment between the base of the braincase and the 
palate. The resulting pattern of the jaw musculature is 
somewhat analogous with that of lungfish (Gaffney, 1975). 

In primitive amniotes, such as protorothyrids and 
early captorhinids, the adductor jaw musculature is ver- 
tically oriented and originates from the inside surface of 
the cheek, the underside of the skull roof, and the lateral 
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surface of the braincase. The otic capsule is a small struc- 
ture separated from the adductor chamber by the quadrate 
ramus of the pterygoid. The braincase is loosely attached 
to the palate by the basicranial articulation and to the 
back of the skull roof via the supraoccipital. The paroc- 
cipital process does not reach the cheek, and the stapes 
braces the otic capsule against the quadrate (Figure 
10-26). 

In Proganochelys, as in several groups of Triassic 
diapsids, the paroccipital processes have extended to the 
cheek and are suturally attached to the top of the quad- 
rates. This change frees the stapes from its supporting 
role, enabling it to become a light rod that is associated 
with an impedance-matching system. The quadrate ramus 
of the pterygoid is low and close to the otic capsule so 
that the jaw muscles could have extended posteriorly to 
develop areas of origin around the margins of the large 
posttemporal fenestrae. 


{a) External 

adductor 





Figure 10-26. EVOLUTION OF THE ADDUCTOR CHAMBER IN 
ANAPS1DS. ( a ) The condition in primitive anapsids, such as the pro- 
torothyrids and captorhinids. This basic pattern is retained in the earliest 
turtle, Proganochelys. ( b and c) The cheloman condition, (b) Crypto- 
dires, in which the adductor mandibulae presses over a pulleylike surface 
on the otic capsule, (e) The pleurodire condition, in which the jaw 
musculature passes over the surface of the pterygoid. From Gaffney, 
1975. Courtesy of the Library Services Department, American Museum 
of Natural History. 


In bony fish and modern frogs and salamanders, we 
have seen that the jaw musculature spread out of the 
primitive confines of the adductor chamber formed by the 
cheek and palatoquadrate. An analogous process oc- 
curred in turtles. Here it is modified by the presence of a 
very large otic capsule. In all turtles above the level of the 
proganochelids, the paracapsular network, a fluid-filled 
sinus in the middle ear, is greatly enlarged compared with 
most other amniotes and is enclosed in a chamber formed 
from the palatoquadrate and elements of the braincase. 

The great expansion of the otic capsule results in a 
significant modification of the space occupied by the jaw 
musculature. Instead of being oriented primarily in a ver- 
tical direction, the muscles bend over the otic capsule and 
extend posteriorly toward the posttemporal fossae. In all 
advanced turtles, the muscles pass over a pulleylike struc- 
ture, the trochlear process (Figure 10-26 and 10-27). 
However, this structure develops differently in the two 
groups of modern turtles. In cryptodires, it forms on the 
anterior surface of the otic capsule. In pleurodires, it is 
formed by a lateral process of the pterygoid. This differ- 
ence provides a clear way of distinguishing between all 
members of these two groups. 

Other differences are evident in the structure of the 
palate. In Proganochelys, the base of the braincase is only 
loosely attached to the palate. In more advanced turtles 
a solid sutural attachment develops. In cryptodires, the 
pterygoid is suturally attached to the basisphenoid and 
extends out laterally toward the quadrate. In pleurodires, 
a process of the quadrate extends medially to reach the 
base of the braincase. Pleurodires also differ from cryp- 
todires in having lost the epipterygoid bone. 

Mtynarski (1976) classifies all species of fossil turtles, 
and Gaffney (1979) provides detailed descriptions of the 
skulls of both fossil and living genera that provide a basis 
for establishing the phylogenetic relationships of the ma- 
jor groups. 

Pleurodires 

The recently discovered early Jurassic turtles have not yet 
been described. By the end of that period, both modern 
groups were clearly established. Turtle shells that resem- 
ble those of modern pleurodires in having the pelvis firmly 
attached to the carapace and plastron are known from 
the Upper Triassic and Upper Jurassic. The specimen from 
the Upper Jurassic is the only recognized representative 
of the family Platychelyidae. 

All other adequately known pleurodires are placed 
in two families — both with living representatives — the Pe- 
lomedusidae and the Chelidae. These families are now 
limited to the southern continents. The oldest pelome- 
dusid is early Cretaceous in age. In the Upper Cretaceous 
and Lower Tertiary, this group had a nearly worldwide 
distribution. The genus Taphrosphys, for example, is known 
from North America, Africa, and South America. Other 
genera were common in Europe and Asia. Today the group 
is limited to three genera, Pelomedusa and Pelusios in 
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Figure 10-27. THE PELOMEDUSID PLEURODIRE SHWEBOEMYS 
FROM THE LATE EOCENE OF EGYPT, (a) Dorsal, (b) palatal, and 
(c) lateral views. Note the different pattern of attachment between the 
base of the braincase and the palate in this pleurodire and the cryptodire 
illustrated in Figure 10-28. Abbreviations as in Figure 8-3. From Gaff- 
ney, 1979. Courtesy of the Library Services Department, American Mu- 
seum of Natural History. 


Africa and Madagascar and Podocnemis in Madagascar 
and South America. The Pliocene pelomedusid Stupen- 
demys from Venezuela is the largest known turtle, fossil 
or living, with the carapace over 2 meters long (Wood, 
1976). 

The chelids are advanced over the pelomedusids in 
the loss of the mesoplastra. The oldest known fossil, from 
the Miocene, has an essentially modern anatomy (Gaff- 
ney, 1979). Chelids are now represented by seven genera 
in South America, Australia (where they are the dominant 
freshwater turtles), and New Guinea. 


While all living pleurodires inhabit fresh water, ex- 
tinct specimens include forms with high arched shells (which 
in living cryptodires is indicative of a terrestrial habit) and 
others that may have lived in a marine environment. 


Cryptodires 

Cryptodires are much more diverse in the modern fauna 
than are the pleurodires. The antiquity of the two groups 
appears to be comparable, but cryptodire remains have 
not been described from beds below the Upper Jurassic. 
Cryptodires apparently underwent a rapid diversification 
within the Jurassic that culminated in the development of 
several major groups by the end of that period. The ances- 
tors of the modern groups were probably all distinct by 
that time. In addition, there were several families that 
were common in the late Mesozoic and Tertiary but are 
now extinct. 

The extinct cryptodire groups resemble one another 
in the retention of primitive features. None show evidence 
of specialization of the cervical vertebrae that would en- 
able them to retract the head, and all retain mesoplastra. 
The presence of these features was once used to group 
them (and other primitive genera) in a distinct suborder, 
the Amphichelida, but we now recognize that their reten- 
tion of primitive features does not form an adequate basis 
for establishing close relationships between these groups. 
The structure of the skull and the probable nature of the 
jaw musculature allies them with living cryptodires, but 
we have not established specific affinities with any of the 
modern superfamilies. 

The Baenidae represent a relatively conservative as- 
semblage of genera that is common in North America 
from the early Cretaceous to the late Eocene. Gaffney 
(1972) showed that they are more primitive than living 
cryptodires in having the opening for the internal carotid 
arteries located midway along the length of the pterygoid 
suture (Figure 10-28). The internal carotid arteries enter 
above and behind the pterygoids in modern cryptodires. 
The primitive condition is shared by a second family, the 
Glyptopsidae, which we know from the Upper Jurassic 
of North America and the early Cretaceous of England. 

The Meiolaniidae is a further isolated group of turtles 
known from the early Tertiary and possibly late Creta- 
ceous of South America and the Pleistocene of the Aus- 
tralian region. They are generally similar to living cryp- 
todires but cannot be specifically allied with any other 
groups within the suborder. The skulls are up to 50 cen- 
timeters wide and characterized by bony protruberances 
that resemble those of the procolophonoids. 

Modern cryptodires may be grouped in three super- 
families: the Testudinoidea, including the tortoises and 
most freshwater turtles; the Chelonioidea, the sea turtles, 
with the limbs specialized as flippers and the shell (par- 
ticularly the plastron) reduced; and the Trionychoidea, 
the soft-shelled turtles. Each of these groups is charac- 
terized by details of the basicranial anatomy and the pat- 
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Figure 10-28. SKULL OF ONE OF THE EARLIEST KNOWN CRYP- 
TODIRES, PLESIOCHELYS. A member of the superfamily Chelono- 
ldea from the Upper Jurassic of Switzerland, (a) Dorsal, ( b ) palatal, and 
( c ) lateral views. Note position of foramen for carotid artery at the rear 
of the suture between the pterygoid and basisphenoid. From Gaffney , 
1979. ( d ) Baena , an Eocene baenid cryptodire. Palate showing opening 
for carotid artery (cart f) midway in length of pterygoid-basisphenoid 
suture. From Gaffney, 1972. Courtesy of the Library Services Depart- 
ment, American Museum of Natural History. Abbreviations as in Figure 
8-3. 


tern of the cranial arteries. According to Gaffney (1975), 
the Chelonioidea and the Trionychoidea can be recog- 
nized as monophyletic, but the Testudinoidea has no unique- 
specializations and may represent a primitive grade of 
cryptodire evolution rather than a well-defined taxonomic 
group, 

The Chelonioidea are the first of the modern super- 
families to appear in the fossil record and are represented 
by members of the family Plesiochelyidae in the Upper 
Jurassic. The Cretaceous genera Protostega and Archelon 
(Figure 10-29a) show the manner of reduction of the shell 
that is common to this group. The limbs have become 
highly modified as paddles that propel the body through 
the water like the wings of penguins. The family Chelon- 
idae, which is known from the Lower Cretaceous, is rep- 
resented today by four genera, the best known of which 
is Chelonia. Dermocbelys, the leatherback turtle, belongs 
to a related family. The plastron and carapace are reduced 
to a layer of small, irregularly shaped bones that are 
embedded in leathery skin. This genus is striking in its 
ability to maintain a body temperature at least 1 8 degrees 
above that of the water (Greer, Lazell, and Wright, 1973). 
Like mammals and birds, the high body temperature is 
achieved by muscular activity and is retained by an ex- 
ternal layer of insulating fat and by countercurrent heat 
exchangers in the limbs. 

The Trionychoidea, which are typified by the family 
Trionychidae, are primarily freshwater carnivores. They 
are characterized by the loss of the external horny cov- 


ering of the shell that is replaced by a soft, leathery skin. 
The carapace is low and rounded. The peripheral bones 
are lost in most genera (Figure 10-296). Trionyx, which 
lives today in North America, Asia, and Africa, is known 
from the Lower Cretaceous and possibly from the Upper 
Jurassic. We may also include the three families Kino- 
sternidae, Carettochelyidae, and Dermatemydidae within 
the Trionychoidea. 

The Testudinoidea is the last of the major turtles 
groups to appear in the fossil record, with each of the 
three modern families in this group occurring first in the 
early Tertiary. The group lacks the specializations of the 
shell and limbs seen in the other modern superfamilies 
and has been considered to represent the general anatom- 
ical pattern from which all other cryptodires have evolved. 
The Chelydridae, which include the snapping turtles, are 
known as early as the Paleocene. The Emydidae include 
a large assemblage of freshwater and amphibious genera 
such as the terrapins, pond, and box turtles. They are 
common in all continents except Australia. The Testu- 
dinidae encompass the most terrestrial of all turtles, the 
tortoises, which are characterized by high arched shells. 
They are almost exclusively vegetarian in diet, and the 
limbs are elephantine. They include the largest of all land 
turtles. The giant tortoise, Geochelone from the Gala- 
pagos Islands, is also known on the mainland of Asia, 
Africa, and South America. Tortoises are known as early 
as the Eocene and are common elements in Tertiary de- 
posits. 



214 


PRIMITIVE AMNIOTES AND TURTLES 




Figure 10-29. (a) Dorsal view of the Cretaceous marine reptile Ar- 

cheloti. (b) The carapace of a trionychid turtle, showing the loss of 
marginal elements. From Mlynarskt, 1976. 

Summary 

The amniotes achieve a fully terrestrial way of life. 

The females lay their eggs on land or retain them 
within their bodies, and the young develop directly with- 
out an aquatic larval stage. This assemblage, which in- 
cludes reptiles, birds, and mammals, first appears in the 
fossil record during the early Pennsylvanian. In their gen- 
eral appearance, the early amniotes resembled primitive 
living lizards. They were distinguished from Paleozoic am- 
phibians by improvements of jaw mechanics, which sug- 
gest specialization for an insectivorous diet. The stapes 
served to connect the braincase to the skull roof and was 
too massive to have contributed to an impedance-match- 
ing system. The body may have been less than 100 cen- 
timeters in snout-to-vent length, but the skeleton was ex- 


tremely well ossified. The limbs were slender, suggesting 
agile locomotion. Two very important aspects of the soft 
anatomy, the presence of extraembryonic membranes and 
stretch receptors associated with the axial and appendi- 
cular muscles, are presumed to have been present in early 
amniotes, although these structures are not reflected in 
the skeletal anatomy. Early amniotes probably practiced 
internal fertilization but lacked copulatory organs. 

We have not established the specific origin of am- 
niotes, although they do share some derived features with 
anthracosaurs. The family Protorothyridae, a primitive 
lineage of small-sized, lizardlike amniotes, persisted 
throughout the Upper Carboniferous and into the Per- 
mian. All other amniotes may have evolved from this 
common stock. Three distinct patterns of cranial anatomy 
are recognized which serve as a basis for the classification 
of amniotes. Primitive amniotes retain a pattern common 
to Paleozoic amphibians, in which the skull is solidly roofed 
above the chamber for the adductor jaw musculature. This 
configuration, termed anapsid, is retained in the turtles. 
The mammal-like reptiles and their descendants, the 
mammals, are characterized by the presence of a single 
pair of openings low on the cheek. This is termed the 
synapsid condition. All other amniotes, including birds 
and all living reptiles other than turtles, have two pairs 
of temporal openings (the diapsid condition) or show 
modification from this pattern. 

The lineage leading to mammals was the first group 
to diverge from the primitive amniote stock. The diapsids 
appeared in the late Pennsylvanian. Other early groups 
include the captorhinids, which are typified by multiple 
tooth rows, and the lizardlike millerosaurs, which were 
the first amniotes to develop an impedance-matching mid- 
dle ear. The pareiasaurs and procolophonoids are diver- 
gent groups of herbivores that appear in the middle and 
late Permian. The mesosaurs are unique among early am- 
niotes in adapting to a secondarily aquatic way of life. 

We have not established the specific ancestry of the 
Testudines, although it may lie among the family Cap- 
torhinidae. Primitive turtles are represented by complete 
skeletons from the Upper Triassic. The structure of the 
shell is similar to that of modern turtles, except for the 
possession of additional centers of ossification in both the 
carapace and plastron. The skull shows the presence of a 
horny beak but is primitive in the loose attachment of the 
braincase and the lack of specialization of the adductor 
chamber. The Upper Triassic genus Proganochelys is the 
only adequately known member of the suborder Progan- 
ochelida. All more advanced turtles can be assigned to 
either the Cryptodira or Pleurodira on the basis of spe- 
cializations of the skull and shell. In all advanced turtles, 
the jaw musculature passes over a pulleylike structure, 
the trochlear process. The position of the trochlear process 
and the manner of attachment of the braincase to the 
palate distinguish the two advanced groups. The special- 
ization of the cervical vertebrae that enabled the head to 
retract also evolved separately in the two groups and was 
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not elaborated until the late Cretaceous. The two modern 
families of pleurodires appear in the early Cretaceous and 
Miocene. Modern cryptodires are grouped in three su- 
perfamilies. The Chelonoidea, the sea turtles, and the 
Trionychoidea, the soft-shelled turtles both appear in the 
Upper Jurassic. The Testudinoidea, including the tortoises 
and most freshwater turtles, appear to represent the cen- 
tral stock of the modern cryptodires but do not appear 
in the fossil record until the early Tertiary. 
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Primitive Diapsids and 
Lepidosaurs 


All living reptiles, except for turtles, are members of the 
diapsid assemblage. The ancestors of crocodiles, lizards, 
snakes, and Spbenodoti can be traced back to the early 
Mesozoic. Other extinct diapsid groups include the di- 
nosaurs and pterosaurs and a variety of less-well-known 
genera that go back to the late Carboniferous (Figure 
11 - 1 ). 


Early diapsids 

The earliest known diapsid is Petrolacosaurus from 
the Upper Pennsylvanian of Kansas (Reisz, 1981) 
(Figure 11-2). In most features of the skeleton it resembles 
the protorothyrids Hylonomus and Paleotkyris. The body 
is somewhat larger, with an adult length of approximately 
20 centimeters, not including a very long tail. The limbs 



Figure 11-1. PHYLOGENY OF PRIMITIVE DIAPSIDS AND LEPIDOSAURS. Data on lizards primarily from Estes, 1983a; data on snakes from Rage, 1984. 
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Figure 11-2. THE EARLIEST AND MOST PRIMITIVE KNOWN 
D1APSID, PETROLACOSAURUS FROM THE UPPER CARBON- 
IFEROUS OF KANSAS. ( a ) Skeleton, about 20 centimeters long, not 
including the tail. Skull in ( b ) dorsal, (c) palatal, (d) lateral, and ( e ) 
occipital views. Approximately X !■ Abbreviations as in Figure 8-3. Front 
Reisz, 1981. 

are proportionately longer which gives a more gracile 
appearance. The skull of Petrolacosaurus resembles that 
of early protorothyrids in its proportions and small size 
relative to the length of the body. A small supratemoral, 
postparietal, and tabular are still present, and a pineal 
opening has been retained. Like Hylonomus, the dentition 
of Petrolacosaurus is composed of many small marginal 
teeth, two of which are recognizable as canines. The teeth 
are set in a shallow groove at the edge of the jaw. Like 
the most primitive amniotes, the early diapsids were prob- 
ably basically insectivorous but were able to feed on larger 
prey than did the protorothyrids. 

Like other primitive amniotes, the early diapsids lack 
evidence of an impedance-matching middle ear. The cheek 
is not specialized for attachment of a tympanum and the 
paroccipital processes are not securely attached to the 
cheek. 

Petrolacosaurus is distinguished by the presence of 
dorsal and lateral temporal openings in the dermal bones 
that cover the jaw muscles. The postorbital and squamosal 


form a narrow bar between these openings and a ventral 
bar is formed by the jugal and quadratojugal. This genus 
is also distinguished from its anapsid ancestors in having 
a relatively large opening in the palate, called the subor- 
bital or palatine fenestra, between the ectopterygoid, pal- 
atine and maxilla, as in most later diapsids. Judging by 
the configuration of the adductor chamber, and compar- 
ison with modern diapsids, there seems to have been no 
significant change in the pattern of the jaw musculature 
associated with the initial development of temporal open- 
ings. They may have been elaborated as a more effective 
way of distributing stress while lightening the skull. 

Petrolacosaurus has only 25 presacral vertebrae, but 
the shoulder girdle has shifted posteriorly so that 6 ver- 
tebrae may be recognized as cervicals. Each of these ver- 
tebrae is elongate, so that the neck is very long compared 
with that of other primitive reptiles. The configuration of 
the girdles and limbs is basically the same as in proto- 
rothyrids, and the bones of the carpus and tarsus have a 
similar pattern but different proportions. The stride would 
have been increased by the elongation of the distal limb 
elements, but the mechanics of limb movement appear no 
different from those of protorothyrids. 

The closest known relative of Petrolacosaurus is Ar- 
aeoscelis (Figure 11-3) from the Lower Permian. The body 
proportions resemble those of the Upper Pennsylvanian 
genus and the postcranial skeleton is similar, but the skull 
differs in lacking a lateral temporal opening and in the 
presence of a smaller number of somewhat bulbous cheek 
teeth. The absence of a lateral temporal opening might 
be a primitive feature, indicating that a dorsal opening 
had developed first in this group, but it is more probable 
that the opening was primitively present and secondarily 
lost in Araeoscelis to strengthen the skull against the more 
powerful bite implied by the bulbous teeth. The posterior 
margin of the jugal is bifurcated like that of Petrolaco- 
saurus, in which the bone forms the anterior and ventral 
margins of the temporal opening. 

Although most features of the skeleton of Petrola- 
cosaurus and Araeoscelis are primitive relative to those 
of later diapsids, the great elongation of the neck and 
distal limb elements and details of vertebral structure are 
specializations that allow them to be recognized as a mon- 
ophyletic assemblage, the Araeoscelida, that may be con- 
sidered a sister group of all later diapsids. 

There is no fossil evidence to elucidate the pattern of 
diapsid evolution during the middle part of the Permian. 
By the Upper Permian and Lower Triassic, the group had 
radiated into a number of distinct lineages whose inter- 
relationships have been difficult to establish. 

Most diapsids since the Permian may be grouped in 
one of two large assemblages, the Archosauromorpha or 
the Lepidosauromorpha. The archosauromorphs include 
the living crocodiles, the extinct dinosaurs and pterosaurs, 
and a variety of late Permian and Triassic families. The 
lepidosauromorphs include Sphenodon, lizards, snakes and 
their extinct relatives, as well as two major groups of 
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Figure 11-3. SKELETON OF ARAEOSCEL1S FROM THE LOWER PERMIAN. Araeoscelis was long thought to be only 
distinctly related to the diapsids because of the absence of a lateral temporal opening. The great similarity of the postcranial 
skeleton to that of Petrolacosaurus (see Figure 11-2) suggests that the two genera share a close common ancestry. The lateral 
temporal opening may have been secondarily closed to strengthen the skull in relationship to the more massive dentition. 
From Reisz, Berman, and Scott, 1984. 


aquatic reptiles. The archosauromorphs and lepidosau- 
romorphs can each be defined on the basis of a complex 
of shared derived characters. 

Two highly specialized groups from the Upper Per- 
mian and Triassic fit in neither of these categories but 
apparently represent an earlier radiation of more primitive 
diapsids. Their specific taxonomic position cannot be es- 
tablished at present. 

The coelurosauravids are the most highly specialized 
of the primitive diapsids (Figures 11-4 and 11-5). This 
family includes two or three genera from the Upper Per- 
mian whose ribs are greatly elongated and were presum- 
ably connected by tissue to form a gliding surface that 
was closely comparable to that of the living lizard Draco 
(Carroll, 1978; Evans, 1982). The skull is also highly 
modified, with the elaboration of a squamosal frill and 
the loss of the lower temporal bar. We know coelurosau- 
ravids from Madagascar, Germany, and Great Britain. 

The marine thalattosaurs from the Triassic of Swit- 
zerland and western North America. Askeptosaurus (Fig- 
ure 11-6) is the best-known member of this group. The 
neck and trunk are greatly elongated, as in many aquatic 



Figure 11-4. SKULL OF COEL UR OS A URA VUS, A SPECIALIZED, 
DIAPSID FROM THE UPPER PERMIAN OF MADAGASCAR, x2. 
The lower temporal bar is lost and the squamosal forms a wide frill. 
Abbreviations as in Figure 8-3. From Evans , 1982. With permission 
from The Zoological Journal of The Linnean Society. Copyright © 1 982 
by The Linnean Society of London. 


groups, and the nostrils are set well back on the long 
snout. The limbs are short but not specialized as paddles. 


Characteristics of 

ADVANCED DIAPSIDS 

-We can differentiate archosauromorphs and lepido- 
sauromorphs on the basis of distinct patterns of pos- 
ture and locomotion. Lepidosauromorphs retain the 
sprawling posture and mediolateral excursion of the limbs 
common to primitive tetrapods. Lateral undulation of the 
vertebral column is emphasized as an important com- 
ponent of locomotion and reaches its extreme expression 



Figure 11-5. SKELETON OF COELUROSAURUS FROM THE UP- 
PER PERMIAN OF MADAGASCAR. The greatly elongated ribs may 
have supported a gliding membrane like that of the living lizard Draco. 
“Wing” span approximately 30 centimeters. From Carroll, 1978. 
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Figure 11-6. ASKE.PTOSAURUS, A PRIMITIVE AQUATIC D1APSID FROM THE MIDDLE TRIASSIC OF SWITZER- 
LAND. Approximately 2 meters long. Prom Kubn-Scbnyder, 1974. 


in snakes. In contrast, archosauromorphs reduce and, in 
some forms, eliminate lateral flexure of the vertebral col- 
umn and bring the limbs more directly under the body. 
This pattern reaches its highest expression in dinosaurs 
and pterosaurs, in which the rear limbs move in a para- 
sagittal plane. The initiation of these trends is evident in 
late Permian fossils, which show divergent specializations 
in the skeleton of the girdles and limbs. 

Early lepidosauromorphs are most clearly distin- 
guished from primitive diapsids and archosauromorphs 
by the development of a large sternum. A bone with this 
name occurs in some archosaurs, birds, and mammals, 
but it is certainly not a homologous structure since it was 
not present in the common ancestor of these groups and 
has a very different structure and function in each. The 
configuration of the sternum in Upper Permian lepido- 
sauromorphs is very similar to that of primitive living 
lizards and Spbenodon (Figure 11-7). Jenkins and Goslow 
(1983) recently described the function of the sternum in 
lizards on the basis of x-ray cinematography and electro- 
myography (Figure 1 1-8). The sternum prevents the scap- 
ulocoracoid from moving posteriorly when the forelimb 
is strongly retracted. In addition, the coracoids can rotate 
horizontally along the anterior margin of the sternum, 
which increases the arc of movement of the forelimb by 
approximately 35 degrees. This is very important in in- 
creasing the length of the stride. The movement of the 
shoulder girdle and forelimb in early lepidosaurs is as- 
sociated with the lateral undulation of the trunk, which 
is an important aspect of locomotion in primitive tetra- 
pods. The carpus and manus of the lepidosauromorphs 
retain the general features of earlier diapsids. In the prim- 
itive state, the tarsus also retains the pattern of primitive 
diapsids, in contrast with early changes in the archosaur 
assemblage that are associated with a more upright pos- 
ture (see Chapter 13). 

Eosuchians 

The position of the eosuchians has been crucial to 

understanding the pattern of diapsid evolution. Romer 
(1966) classified eosuchians among the lepidosaurs but 
included a number of groups that are now recognized as 
relatives of the archosaurs. Other authors have enlarged 
the concept of the Eosuchia to include the most primitive 
diapsids. As in the case of the leptolepids among the early 
teleosts, we can now identify many of the genera that 


were once included within the eosuchians as primitive 
members of several more advanced groups. 

Broom (1914) first used the name eosuchian to refer 
to the genus Youngina, from the Upper Permian of South 
Africa. The tarsus and pes of this genus are primitive, but 
it possesses a sternum and short transverse processes of 
the vertebrae that demonstrate its affinities with the lep- 
idosauromorphs. In most skeletal characters, Youngina 
and closely related genera (the Younginoidea) are almost 
ideal ancestors of the more specialized lepidosaur groups, 
including the squamates (lizards and snakes) and Spben- 
odon of the modern fauna. 

The skull of Youngina (Figure 11-9) adheres to the 
same basic pattern as that of Petrolacosaurus. The mar- 
gins of the temporal openings are thicker, and the lateral 
edge of the parietal bone extends ventrally, medial to the 
adductor chamber, and may have provided origin for some 
of the jaw musculature. As in Petrolacosaurus and other 
Carboniferous amniotes, the quadrate is not embayed 
posteriorly and the stapes is still a massive element. A gap 
remains between the paroccipital process and the cheek. 

) Details of the postcranial skeleton are not well known 
in Youngina, but they are fully described in the related 


( a ) Clavicle Interclavicle 



Figure 1 1-7. STERNA OF LEPIDOSAURS. [a) Spbenodon. ( b ) A mod- 
ern iguanid lizard, (c) An Upper Permian eosuchian. (d) The Upper 
Permian lizard Saurosternon. 
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Figure 11-8. THE EFFECT OF MOVEMENT BETWEEN THE COR- 
ACOIDS AND STERNUM IN A VARANID LIZARD, REVEALED BY 
X-RAY CINEMATOGRAPHY. The coraco-sternal joint and limbs are 
depicted in ventral view, with the right forelimb in a posture typical of 
the end of propulsion, the left forelimb in a posture typical of the 
beginning of propulsion. T ranslation at the coraco-sternal joint advances 
the trunk relative to the glenoid and simultaneously rotates the contra- 
lateral shoulder ahead of the propulsive phase shoulder (dark lines). 
With a fixed coraco-sternal joint (dashed lines), the same limb excursion 
results in a shorter step length. From Jenkins and Goslow, 1983. 

genus Thadeosaurus (Figure 11-10). In this genus and all 
other early lepidosauromorphs, the neck and the distal 
limb elements are much shorter than those of Petrola- 
cosaurus. However, aside from these particular features, 
most skeletal characters of the early lepidosauromorphs 
can be directly derived from those of Petrolacosaurus. 
Thadeosaurus has five cervical vertebrae; the centra are 
recessed at both ends (a condition termed amphicoelous); 
intercentra are present throughout the trunk and continue 
for two or three segments beyond the sacrum. The trans- 
verse processes that support the ribs in the trunk region 
are very short, in sharp contrast with those of many early 
archosauromorphs. Unlike primitive diapsids, the caudal 
ribs are fused to the centra and extend directly laterally. 
This feature has evolved convergently in many groups of 
late Permian amniotes. 

In the adult, the scapulocoracoid appears as a single 
unit, without a trace of suture. However, early growth 
stages show that it forms from two centers of ossification, 
with only a single coracoid element. This element seems 
to occupy the same position as the two coracoids in prim- 
itive amniotes. The anterior margin of the scapulocora- 
coid is thin but forms a continuous arc. The cleithrum, 
which is lost in advanced lepidosaurs, is retained in youn- 
ginoids. The supinator process of the humerus has ex- 
tended distally to enclose the radial nerve and blood ves- 
sels in an ectepicondylar foramen. 

The only skeletal feature of these younginoids that 
appears to preclude them from the ancestry of later lep- 
idosauromorphs is the pattern of the carpus. In both prim- 
itive diapsids and advanced lepidosaurs, the lateral cen- 


trale is in contact with the fourth distal carpal. In the 
younginoids, the medial centrale reaches the fourth distal 
carpal, separating it from the lateral centrale (Figure 11- 
11). The presence of this specialized feature allows us to 
recognize the younginoids as a monophyletic group, to 
which the name Eosuchia can be restricted. 

The younginoids include not only the terrestrial gen- 
era Youngina and Thadeosaurus but also aquatic forms. 
Tangasaurus and Hovasaurus from the late Permian of 
Madagascar and East Africa resemble other eosuchians 
in most skeletal features but possess a very long, paddle- 
shaped tail (Figure 11-12). Currie (1981) showed that 
most specimens of Hovasaurus have many small stones 
in the area of the abdominal cavity that were presumably 
used as ballast to facilitate diving or underwater feeding. 



opis Stapes 


Figure 11-9. SKULL OF THE CHARACTERISTIC EOSUCH1AN 
YOUNGINA FROM THE UPPER PERMIAN OF SOUTHERN AF- 
RICA. (a) Lateral, ( b ) palatal, (c) dorsal, and (d) occipital views. The 
quadrate is exposed laterally, but there is no cmbayment for support of 
a tympanum. The stapes is massive and oriented obliquely to the surface 
of the skull. There is no evidence that it participated in an impedance- 
matching mechanism at this stage in diapsid evolution. Approximately 
natural size. Abbreviations as in Figure 8-3, plus: sof suborbital fenestra. 
From Carroll, 1981. 
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Figure 11-10. THADEOSAURUS, AN EOSUCHIAN REPTILE FROM THE UPPER PERMIAN OF MADAGASCAR. The 
pattern of the skeleton is almost ideal for an ancestor of the modern lepidosaurs. Length of skeleton without tail about 20 
centimeters. From Currie and Carroll, 1 984. 



Figure 11-11. PATTERNS OF THE CARPUS IN LEPIDOSAURS. ( a ) The eosuchian Tbadeosaurus. From Carroll, 1981. 
(b) Sphenodon. (c) The Permo-Triassic lizard Saurosternon. From Carroll, 1977. (d) A modern iguanid lizard. From Carroll, 
1977. In contrast with archosauromorphs, the Icpjdosauromorphs retain most of the elements of the primitive diapsid carpus, 
including the pisiform. Eosuchians are specialized in the contact of the medial central and the fourth distal tarsal, which may 
separate the lateral centrale from the third distal tarsal. Both sphenodontids and lizards retain a more primitive pattern. 
Lizards are advanced over sphenodontids in the reduction or loss of the intermedian, which is large in eosuchians. In modern 
lizards, the epiphyses (dotted elements) are important in the formation of the carpus. A bone that has been thought to be 
the first distal carpal (open circles) may be a large epiphyseal element. Abbreviations as follows: i, intermedium; Ic, lateral 
centrale; me, medial centrale; pis, pisiform; ul, ulnare; ra, radiale; 1-5, distal carpals; i-v, metacarpals. 



Figure 11-12. HOVASAURUS, AN AQUATIC EOSUCHIAN FROM THE UPPER PERMIAN OF MADAGASCAR. Ap- 
proximately 50 centimeters long. Most of the specimens of this genus have small stones in the abdominal cavity that would 
have served as ballast. From Currie, 1981. 
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Figure 11-13. SKELETON OF CHAMPSOSAURUS FROM THE UP- 
PER CRETACEOUS OF WESTERN NORTH AMERICA. It is an aquatic 
animal with the body proportions and size of a modern crocodile. It 

Gephyrosaurus and 

CH AMPSOS AURS 

In addition to the eosuchians, several other groups 

diverged from the basic lepidosauromorph stock. Liz- 
ards and sphenodontids, which have a well-developed 
sternum, certainly evolved from this lineage, as did an 
assemblage of highly specialized Mesozoic aquatic reptiles 
that we will discuss in the next chapter. Gephyrosaurus 
from the Lower Jurassic appears to be a relatively con- 
servative derivative that retains a younginoid body pattern 
but has some features of the skull that resemble those of 
lizards and sphenodontids (Evans, 1981). 

Champsosaurus and Simoedosaurus from the Cre- 
taceous and Lower Tertiary resemble eosuchians in many 



Figure 11-14. SKULL OF CHAMPSOSAURUS. (a) Dorsal and (b) 
palatal view. The narial opening is terminal and there is an extensive 
secondary palate. Abbreviations as in Figure 8-3. From Erickson, 1972. 


may have evolved from early lepidosauromorphs. Photo courtesy of 
Bruce Erickson. 

primitive features, but they are specialized toward a croc- 
odilelike aquatic way of life (Figures 11-13 and 11-14). 
The temporal bars are greatly extended laterally to ac- 
commodate a massive jaw musculature. The snout is elon- 
gate, the limbs poorly ossified, and the ribs, like those of 
mesosaurs, are pachyostotic. They lack a sternum, but the 
functional significance of this structure would be lost if 
they swam like modern crocodiles and marine iguanids, 
which propel themselves by lateral undulation of the trunk 
and tail while holding the forelimbs against the side of 
the body. Erickson (1972) and Sigogneau-Russell (1979) 
recently described representatives of this group. We have 
found no fossils that link advanced champsosaurs with 
Permian diapsids, and their taxonomic position remains 
uncertain. 

LEPIDOSAURS 

Within the larger assemblage of lepidosauromorphs, 
i lizards, snakes, and Sphenodon constitute the Lepi- 
dosauria. Lepidosaurs are by far the most diverse of mod- 
ern reptiles, including nearly 6000 species of lizards and 
snakes. Snakes appear only in the Cretaceous, but lizards 
are one of the earliest of the advanced reptile groups to 
appear in the fossil record, with specimens known in the 
Upper Permian. Sphenodontids are now restricted to a 
single species, but they have a fossil record going back to 
the Triassic and exhibited a modest radiation within the 
middle Mesozoic. 

Lizards and sphenodontids may share a close com- 
mon ancestry. Throughout their history both groups have 
included primarily small, terrestrial animals that have a 
basically similar skeletal structure. One of the most im- 
portant features they share (in contrast with eosuchians 
and all other reptiles) is the presence of epiphyses — sep- 
arate centers of ossification that form the articulating sur- 
faces of the limb bones. As in mammals, growth is ter- 
minated when the cartilaginous plate that separates the 
ends of the long bones and the epiphyses becomes fully 
ossified. In lizards and sphenodontids, the epiphyses also 
facilitated the development of more effective limb joints. 

Lizards and sphenodontids are also advanced over 
the younginoids in developing a solid attachment between 
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the paroccipital process and the quadrate and the presence 
of a thin, rodlike stapes. Most lizards use the stapes in 
an impedance-matching system that is capable of detect- 
ing high-frequency airborne vibrations (Wever, 1978). The 
modern genus Sphenodon has a lizardlike stapes but lacks 
a tympanum and middle ear cavity. It is difficult to explain 
the nature of this stapes except as a remnant of a once 
functional impedance-matching system. As in many bur- 
rowing lizards, the loss of the tympanum and middle ear 
cavity in Sphenodon may be specializations. Fossil rela- 
tives of Sphenodon have a similar stapes and a quadrate 
that may have supported a tympanum, but the configu- 
ration of the bone is not sufficient in itself to demonstrate 
whether or not a tympanum was present. On the evidence 
of the stapes, we can assume that the common ancestor 
of sphenodontids and lizards had probably evolved an 
impedance-matching middle ear, in contrast with primi- 
tive lepidosauromorphs. 

Other advanced features are shared by most lizards 
and sphenodontids but are not fully developed in the early 
lizards. These characteristics may have evolved in parallel 
in the two groups. 

Both advanced lizards and sphenodontids have a large 
opening (the thyroid fenestra) between the pubis and is- 
chium (Figure 11-15). Similar fenestration of the pelvis 
also evolved separately in archosaurs and turtles. In most 
lizards and Sphenodon, the anterior tail vertebrae are spe- 
cialized to facilitate caudal autonomy. 

Advanced lizards and sphenodontids also have a sim- 
ilar tarsal and foot structure. The proximal tarsals, in- 
cluding the calcaneum, astragalus, and centrale, are fused 
into a single unit, the astragalocalcaneum, which is closely 
integrated with the tibia and fibula (Figure 11-16). There 
is a hingelike articulation between these proximal ele- 
ments and the more distal bones of the foot that are closely 
integrated with one another. The foot can be strongly 
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fenestra 

Figure 11-15. PELVES OF LEPIDOSAURS. (a) Pelvis of the Upper 
Triassic sphenodontid Planocephalosaurus. From Fraser and Walkden, 
1984. (b) Pelvis of Iguana. In both sphenodontids and modern lizards, 
there is a large opening ventrally between the pubes and ischia, the 
thyroid fenestra. This opening may have evolved in the common ancestor 
of these two groups or independently after their divergence. A thyroid 
fenestra evolves separately in several other groups of diapsid reptiles. 



Figure 11-16. LEP1DOSAUR TARSUS, (a) Lower rear limb of the 
primitive diapsid Galesphyrus. From Carroll, 1977. ( b ) The Permo- 
Triassic lizard Saurosternon. From Carroll, 1977. (c) The modern lizard 
Varanus with the proximal and distal tarsals separated to show their 
articulating surfaces. From Robinson, 1975. (d) Lower limb of Varanus 
in lateral view, showing the course of the gastrocnemius muscle. From 
Robinson, 1975. In Saurosternon, the centrale has become closely in- 
tegrated with the astragalus and a line of flexure has evolved between 
the medial and distal tarsals. The fifth metatarsal is much shorter than 
in primitive diapsids and may have served as a level to ventroflex the 
foot. In Varanus, the calcaneum, astragalus, and centrale have fused 
into a single element. Flexure of the foot is limited to a complex joint 
surface between the fourth distal tarsal and the astragalocalcaneum. The 
gastrocnemeus attaches to tubercles on the ventral surface of the fifth 
metatarsal (closely spaced dots), which is sharply angled or “hooked” 
proximally. The other metatarsals (open dots) move as a unit. Abbre- 
viations: ast, astragalus; c, centrale; cal, calcaneum; 1-5 distal tarsals; 
i-v, metatarsals. 

flexed on the ankle as a result of contraction of the gas- 
trocnemius muscle, which is attached to tubercles on the 
ventral surface of the fifth metatarsal. This bone is sharply 
bent (or hooked) to articulate with the fourth distal tarsal 
and serves as a lever for more effective action of this 
muscle. A hingelike joint between the proximal and distal 
tarsals is developing in early lizards, but the proximal 
elements are not fused to one another. The fifth metatarsal 
is short and diverges from the other metatarsals, as in 
modern lizards, but is not hooked. 

According to Robinson (1973), the initial divergence 
between the ancestors of lizards and sphenodontids may 
have been associated with different feeding strategies. In 
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Figure 11-17. SKULL OF THE MODERN GENUS SPHENODON. 
( a ) Dorsal, (b) palatal, (c) lateral, and ( d ) occipital views. Like other 
members of the Sphenodontidae, the teeth are acrodont, the palatine 
bears a row of denticles that are comparable in size to those of the 
maxilla, and the lower temporal bar is complete but bowed laterally, 
which allows passage of the external portion of the adductor mandibulae 
to the lateral surface of the lower jaw. Abbreviations as in Figure 8-3. 
Drawn from a specimen in the collection of Redpath Museum. 

sphenodontids (Figure 11-17), the adductor chamber is 
relatively larger than in primitive eosuchians, indicating 
that the adductor jaw musculature had a proportionately 
larger mass and a stronger but slower bite. The dentition 
is specialized, with a relatively small number of marginal 
teeth fused to the edge of the jaw (the acrodont condition). 
The teeth are not replaced but are added at the back of 
the jaw as growth proceeds. In contrast, the adductor 
chamber in early lizards is relatively shorter than in eo- 


suchians, implying a weaker but faster bite (see Figure 1 1- 
22). Although some advanced lizards have evolved ac- 
rodont tooth implantation, most have teeth that are loosely 
attached to the jaws, which facilitates rapid replacement. 
The differences in jaw mechanics may be associated with 
differences in diet. Living sphenodontids have a broad 
range of food and can bite the heads off young birds. 
Most lizards are predominantly insectivorous. 

Sphenodontids have a rigid quadrate, as do the youn- 
ginid eosuchians, which is related to the elaboration of a 
strong bite. The most significant feature of lizards, which 
is evident in the earliest genera, was the evolution of a 
movable quadrate. 

SPHENODONTIDA 

Jaws resembling those of modern sphenodontids in having 
acrodont teeth have been reported from the Lower Trias- 
sic (Malan, 1963). Unfortunately, they are not sufficiently 
diagnostic to be certain that they belong to this group. 
Complete skeletons, unquestionably related to the living 
Sphenodon are known from the Upper Triassic of Europe 
(Figure 11-18). They show considerable diversity in the 
pattern of the dentition, the configuration of the skull 
table, and the proportions of the limbs. The upper and 
lower teeth of Glevosaurus are triangular and shear against 
one another as the jaw is closed. This wear pattern re- 
quires precise occlusion that is only possible if the quad- 
rate is rigid (Robinson, 1973). Most early sphenodontids 
show accommodation for the lateral expansion of the 
adductor jaw musculature so that the superficial portion 
can insert on the lateral surface of the lower jaw. In Gle- 
vosaurus and Planocephalosaurus (Fraser, 1982), this ac- 
commodation is achieved by the development of a gap in 
the lovyer temporal bar. In Bracbyrbinodon and Polys- 
phehodon (Carroll, 1985), it occurs by a lateral bowing 
of the bar. This pattern is retained in Sphenodon. In the 
Upper Jurassic genus Sapheosaurus, which some authors 
place in a separate family, the dentition is entirely lost. 

Sphenodontids remain diverse throughout the early 
Mesozoic and their remains are common in the Upper 
Jurassic of Europe (Farbre, 1981). Some sphenodontids 
are known from the Cretaceous, but the group has no 
fossil record in the Cenozoic. This absence may reflect the 
general decline of the group relative to the lizards that 
became progressively more common and diverse since the 
Upper Jurassic. 

Sphenodontids are now limited to a single species of 
the genus Sphenodon that lives on small islands off the 
coast of New Zealand. The modern species shows no 
significant differences in the postcranial skeleton from the 
well-known Upper Jurassic genera. The skull differs in 
having the row of large palatine teeth parallel with the 
maxillary dentition, in contrast with the more primitive 
oblique orientation seen in the Triassic and Jurassic gen- 
era. In contrast with the shearing occlusion in Glevosau- 
rus, the lower jaw of Sphenodon moves in an anterior- 
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Figure 11-18. PLANOCEPHALOSAURUS, A SPHENODONTID FROM THE UPPER TRIASSIC OF EUROPE. The lower 
temporal bar is not complete, and the palatine tooth row is oblique to that of the maxilla. Most of the remainder of the 
skeleton is similar to that of Sphenodon. From Fraser and Walkden, 1984. 


posterior direction as the jaw is closed {propalinal move- 
ment), producing a sawlike action between the upper and 
lower teeth (Gorniak, Rosenberg, and Cans, 1982). 

Throughout their known history, which goes back 
into the Triassic, terrestrial sphenodontids have resembled 
primitive lizards in most aspects of their skeleton and 
small body size. The basic feeding adaptations of the 
sphenodontids remain relatively stereotyped, while those 
of lizards have diversified extensively. Their conservative 
skull structure and perhaps differences in the physiology 
and behavior may explain why sphenodontids are now 
restricted to a single geographically limited species, while 
there are some 3000 living species of lizards that are dis- 
tributed throughout the world. 

PLEUROSAURS 

Although the sphenodontids have remained extremely 
conservative for some 200 million years, they gave rise to 
one divergent group early in their history. The pleurosaurs 
are an assemblage of aquatic diapsids that we know from 
the early Jurassic into the early Cretaceous (Figure 11- 
19). The late members of this group are greatly elongated, 


with up to 57 trunk vertebrae and very long tails. The 
limbs are greatly reduced, although they retain the pattern 
of terrestrial diapsids. The skull is elongate, with the nos- 
trils posterior in position. Most authors have allied them 
with sphenodontids on the basis of their acrodont den- 
tition, but the lower temporal bar is incomplete. Recently 
discovered specimens from the Lower Jurassic (Carroll, 
1985) show an intermediate condition between the ad- 
vanced forms and the early sphenodontids. The trunk is 
somewhat elongate but has only 37 vertebrae. The skull 
is also somewhat elongate but resembles the sphenodon- 
tids in many features, although the lower temporal bar is 
in the process of reduction (Figure 11-20). The pleuro- 
saurs show progressive elongation of the trunk and re- 
duction of the limbs, especially the forelimbs, throughout 
the Jurassic and into the Cretaceous. 

We may classify the sphenodontids and pleurosaurids 
together within the Order Sphenodontida. This name is 
used in preference to Rhynchocephalia (which has been 
the common practice) because of possible confusion with 
the rhynchosaurs (see Chapter 13), which have long been 
classified among the lepidosaurs but are more appropri- 
ately allied with the archosauromorphs. 
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Figure 11-19. PROGRESSIVE CHANGES IN BODY PROPORTIONS WITHIN THE FAMILY PLEUROSAUR1DAE. (a) 
Paleopleurosaurus from the Lower Jurassic, (b) Pleurosaurus goldfussi from the Upper Jurassic, (c) Pleurosaurus ginsburgi 
of the Lower Cretaceous. From Carroll, 1985. 
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Figure 1 1-20. SKULL OF THE PRIMITIVE PLEUROS AUR PALEO- 
PLEUROSAURUS. (a) Dorsal, (b) palatal, and (c) lateral views. Note 
similarity to Spbenodon (see Figure 11-17). Abbreviations as in Figure 
8-3. From Carroll, 19SS. 


LIZARDS 

Lizards and snakes are the most successful of modern 
reptiles in terms of the number of species and their wide 
geographical distribution. All can be traced to fossils from 
the late Permian and early Triassic. These early genera 
differ most significantly from sphenodontids and eosu- 
chians in the loss of the lower temporal bar and the de- 
velopment of a joint between the dorsal extremity of the 
quadrate and the squamosal. Mobility of the quadrate at 
this joint is referred to as streptostyly; it appears to be a 
major factor in the success of lizards. 

Based on her study of the jaw muscles in modern 
lizards, Smith (1980) determined that the main function 
of streptostyly is to increase the force of the pterygoideus 
muscle (typically the largest of the jaw adductors in liz- 
ards) when the jaw is nearly closed (Figure 11-21). In 
general, the effective force of a muscle is proportional to 
the sine of the angle between the muscle and the element 
to which it is inserted. The greatest force is delivered when 
the angle is 90 degrees, and the least when it approaches 
zero. If the normal jaw joint, between the quadrate and 
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the mandible, is the only one that is considered, the ef- 
fective angle between the pterygoideus muscle and the 
mandible is very small when the jaw is nearly closed and 
so its resultant force is weak. If the quadrate-mandibular 
joint is held stable and the contact between the quadrate 
and squamosal acts as the functional jaw joint, the angle 
of the pterygoideus is close to 90 degrees, which gives the 
muscle a much greater effective force. In even the earliest 
lizard Paliguana (Figure 11-22), the quadrate extends to 
the skull roof, forms a joint with the squamosal, and is 
embayed posteriorly to support a large tympanum in the 
manner of modern lizards. 

The combination of more effective hearing, jaw me- 
chanics, and locomotion (which is facilitated by the de- 
velopment of epiphyseal joint structures) may have en- 
abled the lizards to usurp the habitats that were previously 
occupied by other lizardlike tetrapods, including the mil- 
lerosaurs, early procolophonoids, and small eosuchians. 

Small body size is apparently an important attribute 
of lizards as a group and is characteristic of the early 
members, which barely exceed 10 centimeters from the 
tip of the skull to the base of the tail. We can attribute 
the limitation of body size to the development of epi- 
physes. Pough (1973) associated the small size in modern 
lizards with their almost exclusively insectivorous diet. 

Several lizard genera have been described from the 
Upper Permian and Lower Triassic of South Africa (Car- 
roll, 1977) (Figure 11-23), and others are known from 
the Upper Triassic of Great Britain and North America 
(Colbert, 1970; Robinson, 1962). Many aspects of their 
skeletal anatomy are more primitive than those of modern 
lizard groups that appear in the late Jurassic, and they 
are placed in a distinct group, the Eolacertilia. The prox- 
imal tarsals are not fused to one another; the fenestration 


Quadrate 



Figure 11-21. SKULL OF A MODERN LIZARD SHOWING THE 
ADVANTAGE OF STREPTOSTYLY. The pterygoideus muscle lies nearly 
parallel with the long axis of the skull. In most reptiles, the maximum 
force of this muscle is achieved when the jaw is widely open, at which 
time the muscle acts at nearly right angles to the axis of the jaw. When 
the jaw is nearly closed, the force of the pterygoideus is nearly parallel 
to the long axis of the jaw and has little effect in rotating the jaw about 
the quadrate-mandibular articulation (fl). Since the force of the ptery- 
goideus acts at nearly right angles to the quadrate, a joint between this 
bone and the skull (at A) enables this muscle to deliver much more 
effective force when the jaw is nearly closed. From Smith, 1980. Re- 
drawn by permission from Nature. Copyright © 1 980, Macmillan Jour- 
nal, Ltd. 
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Figure 11-22. SKULL OF THE EARLIEST KNOWN LIZARH.A4- 
LICUANA. From the Upper Permian of southern Africa, (a) Dorsal, 
(b) lateral, and (c) occipital views, X 2. Abbreviations as in Figure 8-3. 
From Carroll, 1 977. 

of the scapulocoracoid that is common to advanced liz- 
ards is poorly developed and thyroid fenestration of the 
pelvis is not evident. The vertebral centra are still am- 
phicoelous. As in most primitive tetrapods, the teeth are 
attached to a shallow groove at the edge of the jaw. 

Although the eolacertilians are primitive in these an- 
atomical features, they underwent a considerable adaptive 
radiation that paralleled that of several groups of modern 
lizards. Most genera had body proportions that were sim- 
ilar to those of the primitive eosuchians, but one genus 
had relatively short limbs, as is the case in many of the 
modem skinks. Another had short forelimbs and long 
hind limbs, suggesting that it was capable of facultatively 
bipedal locomotion like the modern genera Crotaphytus 
and Basiliscus (Carroll and Thompson, 1982). The great- 


est degree of specialization occurs in the family Kueh- 
neosauridae (Figure 11-24), in which the ribs were greatly 
elongated like those of the coelurosauravids and the mod- 
ern agamid Draco; in that genus, they support a broad 
membrane that enables it to glide up to 30 meters from 
tree to tree. 

The fossil record of lizards is very incomplete for 
much of the Jurassic. At the end of that period, deposits 
in China and in several localities in Europe include prim- 
itive members of most of the major groups of modern 
lizards. Because all modern lizard groups share many fea- 
tures that are advanced over those of the eolacertilians, 
we assume that they can be traced to a single ancestral 
stock, but we have not established their specific interre- 
lationships. 

Nearly all modern lizards have a transverse joint be- 
tween the frontals and parietals that enables the snout to 
be raised and lowered through a small arc. Especially in 
the larger carnivorous lizards, this joint may function to 
improve the orientation of the long curving teeth that 
penetrate prey. In association with this mobility, the fron- 
tals and/or parietals are fused at the midline in most ad- 
vanced lizards. The paroccipital process and the supra- 



Figure 11-23. RESTORATION OF THE SKELETON OF A PRIMI- 
TIVE LIZARD. Based on the skeletons of Saurosternon and Palaeagama 
and the skull of Paliguana from the Upper Permian and Lower Triassic 
of southern Africa. From Carroll, 1977. 
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Figure 11-24. GLIDING REPTILES. Flesh restorations of reptiles from 
the Upper Permian, Upper Triassic, and Recent that use their ribs to 
support a gliding membrane, (a) Coelurosauravus, a primitive diapsid 
from the Upper Permian of Madagascar. ( b ) Knehnosaurus, a primitive 
lizard from Great Britain, (c) Draco, a living agamid lizard. This spe- 
cialization evolved separately in each of these groups. Note progressive 
reduction in the number of ribs. From Carroll, 1978. 

temporal contribute to support the quadrate and the 
streptostylic joint is further perfected. 

Advanced lizards also specialize the nature of tooth 
implantation. In most groups, the jaw margin has ex- 
tended to cover a large portion of the base of the teeth. 
The teeth are attached largely by their lateral surface, a 
pattern termed pleurodont. In two families, the Agamidae 
and Chamaeleontidae, the teeth are fused to the edgeTrf 
the jaw as in sphenodontids. In one extinct group of large J 
lizards, the mosasaurs, the teeth are set in deep sockets. 

The presence of specialized joints between the ver- 
tebral centra is an important characteristic of most ad- 
vanced lizard groups. A socket develops in the anterior 
surface into which fits a condylar process that extends 
from the posterior surface of the next anterior centrum. 
This condition is termed procoely and is common to all 
modern lizard groups with the exception of many genera 
within the Gekkota (Figure 11-25). 

We recognize four major lizard stocks in the late 
Mesozoic and Cenozoic, the Iguania, the Gekkota, an 
assemblage including both the Scincomorpha and the An- 
guimorpha, and the Amphisbaenia. All had apparently 
diverged by the end of the Jurassic, although the Iguania 
is not known with certainty until the end of the Creta- 
ceous, and the Amphisbaenia appear only in the Paleo- 
cene. No fossil lizards have been described from the early 
Cretaceous, which greatly hampers the establishment of 
specific interrelationships of the modern families. Estes 
(1983a,b) comprehensively reviewed the fossil record of 
all these squamate groups. 


PRIMITIVE D1APSIDS AND LEPIDOSAURS 


Despite their late appearance in the fossil record, 
members of the Iguania retain many primitive skeletal 
features. In primitive genera, the skull remains little mod- 
ified from that of the eolacertilians. We recognize three 
families. The Iguanidae is primarily restricted to North 
and Central America, but with living genera also known 
in Madagscar and Fiji. The oldest fossils are from the 
Upper Cretaceous of South America. The Agamidae is 
widespread in the Old World, with fossils as early as the 
Upper Cretaceous. This group is characterized by acro- 
dont implantation of the marginal teeth. Arretosaurus, 
from the Upper Eocene of central Asia, has a superficially 
agamidlike skull and pleurodont or subpleurodont tooth 
implantation like that of iguanids. Euposaurus, from the 
Upper Jurassic of France, has been tentatively assigned to 
the Iguania on the basis of the configuration of the upper 
temporal opening and the presence of acrodont teeth. 
These features suggest a relationship to the Agamidae, 
but we do not know any specimens in sufficient detail to 
substantiate this assignment. 

The chameleons are among the most specialized of 
modern lizards. The tongue is highly protrusible, the tail 
prehensile, and the digits of the hands and feet are greatly 
modified for grasping. The group is primarily arboreal. 
There are only six living genera, but they are divided into 
109 species. Like the agamids, the teeth are fused to the 
jaws. Fossils are known as early as the Paleocene in eastern 
Asia. Intermediate forms are not known, but the common 
presence of acrodont tooth implantation supports a close 
relationship between chameleons and agamids. The mod- 
ern genus Ckamaeleo is known from the Miocene of Eu- 
rope and Africa. 

Members of the Gekkota are among the earliest known 
and most divergent of the modern lizard groups (Figure 
11-26). Unlike all other advanced lizards, most Gekkota 
have amphicoelous vertebrae. This condition is known as 
early as the Upper Jurassic but may be a reversion to a 
primitive condition resulting from the suppression of 
structures that are expressed late in embryological devel- 


(a) lb) 
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Figure 11-25. LIZARD VERTEBRAE, (a) The procoelus pattern of 
most groups of advanced lizards, (b) The trunk vertebrae of a gecko. 
They are amphicoelous, as in eosuchians, but this condition may be 
secondarily evolved within the geckos rather than being retained from 
their more primitive ancestors. Drawn from specimens in Redpath Mu- 
seum. 
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Figure 11-26. SKELETON OF ARDEOSAURUS. A gecko from the 
Upper Jurassic of southern Germany, approximately 2 natural size. From 
Mateer, 1982. 

opment in other lizard groups (Kluge, 1967). We also 
know procoelous gekkonids in the late Jurassic, and the 
condition is present in some living genera that are oth- 
erwise relatively primitive in their anatomy. 

Gekkotans are specialized in the loss of the dorsal 
process of the squamosal, the down growth of the frontal 
bones below the brain, and the presence of the facial artery 
anterior to the stapes. The karyotype is very different from 
that of other lizards. The eyes of modern geckos are adapted 
to feeding under conditions of limited light. The diverse 
family Gekkonidae is known from the Upper Eocene. The 
Pygopodidae are rare burrowing lizards, without a fossil 
record, which are apparently related to the geckos. 

Most remaining lizards apparently had an ancestry 
that was separate from the Iguania and Gekkota. Mem- 
bers of the Scincomorpha and Anguimorpha are both 
known in the Upper Jurassic. Like the gekkotans, the 
dorsal process of the squamosal is lost in most genera, 
and the remainder of the bone in the shape of a long, 
curving rod. However, a dorsal process is present in the 
Teiidae, which suggests that it was lost withinjthe scin- 
comorphs. There is a tendency for the body to Be elongate 
and the limbs to be reduced in many members of these 
two major groups. Many have developed osteoscutes that 
cover the head and trunk. 

The Scincomorpha includes the modern families Lac- 
ertidae, Xantusiidae, Scincidae, Cordylidae, Teiidae, and 
Gymnophthalmidae. The Paramacellodidae is known only 
from the Upper Jurassic. 

The teiids are the most primitive, with a skull that 
closely resembles that of the iguanids (Figure 11-27). This 
family is common today in South and Central America 
and was quite diverse in the Upper Cretaceous of Central 
Asia and North America. The Gymnophthalmidae are an 
associated group without a fossil record. 

More advanced scincomorphs tend to fill in the area 
of the upper temporal opening with extensions from one 
or more of the surrounding bones and to develop os- 
teoscutes. The Lacertidae, which is widespread in the Old 
World, is known from the late Paleocene. The cordylids, 
which are known from the Upper Eocene, may be derived 
from the late Jurassic Paramacellodidae, which have sim- 


ilar scutes. The xantusids have a fossil record that goes 
back to the Paleocene. Some authors suggested that they 
are allied with the gekkotans, but they are more com- 
monly associated with the skinks. The skinks, which are 
among the most diverse of modern lizards, appear in the 
Upper Cretaceous, with possible forebears in the Upper 
Jurassic. Many genera show marked limb reduction. 

We can place most remaining lizards in a single group, 
the Anguimorpha, which includes a considerable variety 
of body forms. The group is represented in the Upper 
Jurassic by incomplete remains that are placed in the fam- 
ily Dorsetisauridae. They show some features of the living 
families Xenosauridae and Anguidae. The Anguidae, which 
appears in the late Cretaceous, encompasses a few genera 
with normally developed limbs, and others have snakelike 
proportions, including the “glass snake” Ophisaurus, and 
the European “slow worm” Anguis. Osteoderms are highly 
developed in the anguids, and they are especially prom- 
inent in a number of early Tertiary genera including Glyp- 
tosaurus, in which they form a massive armor (Figure 
11-28). The “Gila monster,” Heloderma, with ante- 
cedents from the Upper Cretaceous, belongs to an allied 
family, Helodermatidae, that is associated with more ad- 
vanced anguimorphs. It is the only venomous lizard. 



Figure 11-27. THE UPPER CRETACEOUS TEIID LIZARD POLY- 
GLYPHANODON. (a) Dorsal, ( b ) palatal, (c) lateral, and ( d ) occipital 
views, x J. The pattern of the skull root is typical of modern lizards. A 
transverse suture separates the frontals and parietals, which permits 
raising the snout in some genera. The pineal opening lies along this 
suture rather than further posteriorly as in more primitive lepidosaurs. 
The parietal and premaxilla are both fused at the midline. Abbreviations 
as in Figure 8-3. From Gilmore, 1942. By permission of Smithsonian 
Institution Press. 




232 


PRIMITIVE DIAPSIDS AND LEPIDOSAURS 



Figure 11-28. HELODERMOIDES, AN ARMORED ANGUID LIZ- 
ARD FROM THE OLIGOCENE. Photograph courtesy of Robert Sul- 
livan. 

The varanoids (which are also termed platynotans) 
are the most advanced of all lizards in achieving large size 
and an active, predaceous way of life. The modern Ko- 
modo dragon of Indonesia exceeds 3 meters and preys on 
deer and pigs. Megalania, from the Pleistocene of Aus- 
tralia, was perhaps twice the size. The Komodo dragon 
is one of 24 living species of the genus Varanus, which 
are widely distributed in the Old World tropics. Char- 
acteristics that are partially developed in other angui- 
morphs reach their full expression in this genus. The tongue 
is a highly specialized structure with a bifid sensory tip 
that can be retracted into an elastic posterior portion. 
Replacement teeth are located between, rather than me- 
dial to, mature teeth. The mandible is hinged in the mid- 
dle. At least 29 presacral vertebrae are present, nine of 
which contribute to a long neck. We know members of 
the family Varanidae no earlier than the late Cretaceous, 
but rather similar forms may have been present as early 
as the late Jurassic to account for the origin of several 
derived groups within the early Cretaceous. 

The family Necrosauridae, which is known front the 
Upper Cretaceous into the Oligocene, is structurally\in- 
termediate between primitive members of the AnguWraea 
and the Varanoidea. Necrosaurs retain osteoscutes and 
the jaw hinge is only partially developed. 

Aquatic varanoid lizards 

Three other families of varanoid lizards, most recently 
reviewed by Russell (1967), are known from the late Jur- 
assic and Cretaceous. The dolichosaurs were long-bodied, 
short-limbed lizards from the Middle Cretaceous of Eu- 
rope. The long neck, with 11 vertebrae, and short skull 
clearly distinguish them from the other families. Haas 
(1980) suggested that dolichosaurs may be related to the 
ancestry of snakes. Unfortunately, their cranial anatomy 
is too poorly known for detailed comparison. 

We know the aigialosaurs from one incomplete skull 
from the Upper Jurassic of Southern Germany and several 
skeletons from the middle Cretaceous (Cenomanian-To- 
ronian) of Yugoslavia. The neck, with eight cervical ver- 
tebrae, resembles that of terrestrial varanids; the limbs 
are reduced but not structurally altered. In Opetiosaurus 


(Figure 11-29), the tail is laterally compressed and the tip 
is bent ventrally, as in marine crocodiles and advanced 
ichthyosaurs. The body, including the tail, is a little more 
than 1 meter long. By themselves, the aigialosaurs show 
only a modest radiation and limited specialization toward 
an aquatic way of life. Their importance lies in their close 
affinities with the most specialized of marine lizards, the 
mosasaurs, judged by the near identity of the skull struc- 
ture (Figure 11-30). 

The mosasaurs were the most spectacular of all liz- 
ards. We know these large, predaceous, fishlike forms only 
from the Upper Cretaceous. Nearly 20 genera are rec- 
ognized, including Clidastes, Tylosaurus, and Plotosau- 
rus, the largest specimens of which exceed 10 meters (Fig- 
ure 11-31). 

The body and tail are long and slender, suggesting 
an anguilliform mode of swimming, rather than the more 
specialized carangiform mode of advanced ichthyosaurs 
(see Chapter 12) and dolphins. The limbs are modified as 
fins for steering rather than for propulsion. Neither the 
ears nor the braincase show specializations comparable 
to those found in modern marine mammals in association 
with the capacity for deep diving. Some species have can- 
cellous bone in the ribs that may have contributed to 
buoyancy. 

The deposits in which most mosasaurs are found 
indicate that they were common in shallow, near-shore, 
marine waters. We know hundreds of extremely well- 
preserved specimens, but none shows a trace of young 
within the body cavity. Small, juvenile specimens are rarely 
found with the large adults. These observations suggest 
that mosasaurs may have laid eggs on land, like other 
varanoid lizards, although it must have been extremely , 
difficult for the females to move without support of the 
water. 

The skull is basically similar to that of modern var- 
anids, but the closest resemblance is to the aigialosaurs. 
Mosasaurs and aigialosaurs differ from varanids in the 
fusion of the frontals, the extension of the premaxillae to I 
the frontals, and the reduction of the nasals. There is a 
well-developed transverse joint between the angular and 
splenial, midway in the length of the lower jaw. There is 
some mobility between these bones in varanids, but the 
joint is already fully developed in aigialosaurs. As in aig- I 
ialosaurs, the quadrate of mosasaurs is oval in lateral view 
and extremely massive. The tympanum is calcified in sev- I 
eral genera. 

In most genera, the teeth are large, sharp cones, set 
in sockets rather than fused to the side of the jaw. In the I 
genus Globidens, the crowns of the teeth are hemispher- 
ical, as might be expected in forms feeding on molluscs I 
or other hard-shelled prey. Several ammonites have been 
described which show a pattern of tooth marks compa- I 
rable to that of the marginal dentition of Prognathodon 
overtoni (Kauffman and Kesling, 1960). 

The neck is relatively short, with seven cervical ver- 
tebrae, but would have allowed considerable flexibility of 



CHAPTER XI 


233 




Figure 11-29. SKELETON OK THE AIGIALOSAUR O PETIOSAURUS. From the mid-Cretaceous of Yugoslavia. Ap- 
proximately 1 meter long. Restoration based on a specimen described by Kornbuber (1901). 


the head. Differences in body proportions among the many 
species suggest different degrees of maneuverability and 
maximum speed, which may have been associated with 
specializations for different types of prey. 

The trunk is long and the number of presacral ver- 
tebrae ranges from 29 to 5 1. The tail is approximately as 
long as the presacral region; in some genera it is expanded 
distally, and in others it tapers gradually to a point. It 
never assumes the high aspect ratio of ichthyosaurs and 
fast-swimming fish. There is no connection between the 
vertebral column and the ilium. The rib cage is expanded 
anteriorly, with the first five thoracic ribs being attached 
to the sternum as in primitive terrestrial lizards. The pos- 
terior trunk ribs are much reduced. The manus and pes 
are extended by hyperphalangy (multiplication of the units 
in each digit) but do not exhibit hyperdactyly (multipli- 
cation of digits). The phalangeal count of the manus ranges 
from approximately 4, 5, 5, 5, 3 to 10, 10, 10, 7, 2. 



Figure 11-30. VARANOID LIZARD SKULLS, (a) The mosasaur Cli- 
dastes. ( b ) The aigialosaur Opctiosaurus. (c) Hypothetical primitive pla- 
tynotan. From Russell, 1 967. Abbreviations as in Figure 8-3. 


In contrast with the similarity of the skull of aigialo- 
saurs and mosasaurs, the postcranial skeleton is very dif- 
ferent, which indicates that mosasaurs underwent a marked 
change early in their evolution that was associated with 
marine adaptation. The size is greatly increased and the 
limbs and tail are modified for aquatic propulsion and 
maneuverability. Unfortunately, we cannot establish the 
length of time during which these changes occurred. We 
know of no intermediate forms from the time of appear- 
ance of the first recognized aigialosaurs in the late Jurassic 
until the first appearance of highly specialized mosasaurs 
in the early Upper Cretaceous, approximately 60 million 
years later. 

Once the basic pattern of mosasaur anatomy was 
achieved, the group remained relatively constant in body 
form until its extinction at the end of the Mesozoic, al- 
though details of vertebral number, fin configuration, and 
skull morphology allow us to recognize some 40 species 
that are distributed throughout the world. 

Amphisbaenia (Annulata) 

Although we have not established the specific interrela- 
tionships of the modern lizard infraorders, their anatomy 
show's some degree of convergence as the fossil record is 
traced back into the Mesozoic, and they probably share 
a common ancestry above the level of the eolacertilians. 
A further group of squamates, the Amphisbaenia, shows 
a very distinct anatomical pattern throughout its fossil 
history and has no significant characters in common with 
any one of the lacertilian infraorders. The anatomy and 
taxonomy of this group has been extensively studied by 
Cans (1978), who feels that they should be accorded tax- 
onomic rank equivalent to that of lizards and snakes. 

Except for the genus Bipes, which retains well-de- 
veloped forelimbs, all amphisbaenids lack limbs and gir- 
dles and have an elongate, snakelike body. In strong con- 
trast with most snakes and lizards, the skull is solidly 
constructed, with the bones closely interlocking and sur- 
rounding the braincase (Figure 11-32). All amphisbaenids 
use the skull as a digging tool and are exclusively sub- 
terranean in habits. The postorbital portion of the skull 
is elongate, with a large mass of temporal musculature. 
The temporal arcade is lost in most genera. 

The jaw articulation is far forward, and there is a 
large extra-columella but no tympanum or fenestra ro- 
tundum. Amphisbaenids are unique in having a median 
tooth in the fused premaxillae. The vertebral number ranges 
from 80 to 175, with a very short tail that is not capable 
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Figure 11-31. SKELETON OF THE MOSASAUR PLOTOSAURUS. Genus is a giant marine lizard from the Upper Cre- 
taceous, approximately 10 meters long, front Russell, 1967. 


of regeneration. The living species are widespread in Af- 
rica, the Middle East, and South and Central America. 

We recognize four modern families: the Trogono- 
phidae and Bipedidae, which have no fossil record; the 
Rhineuridae, with only a single living genus but a rich 
fossil record in the early and middle Tertiary of North 
America; and the Amphisbaenidae, the most common of 
living groups, but with a limited fossil record. Estes (1983a) 
recognizes two additional families that are known only 
by fossils, the Oligodontosauridae, which we know pri- 
marily from isolated jaws of Paleocene age, and the Hy- 
porhinidae from the Oligocene. 


According to Gans, most features of the amphis- 
baenids are closer to the pattern of lizards than they are 
to the snakes. Their well-developed procoely unites am- 
phisbaenids with advanced lizards above the level of the 
eolacertilians. Unless we can demonstrate that amphis- 
baenids evolved earlier than any of the other groups now 
classified as lizards, there is no phylogenetic justification 
for recognizing them as a separate taxonomic group. The 
known members have a very distinct skeletal anatomy, 
but this is the case for mosasaurs as well and yet they are 
universally accepted as no more than a family among the 
Varanoidea. 



Figure 11-32. AMPHISBAENID LIZARD SKULLS, (a) Lateral view 
of the skull of Spathorhynchus from the middle Eocene, x3. The tem- 
poral arcade common to other lizards is lost. The bones of the snout 
and braincase are very solidly integrated; the lateral wall of the braincase 
is formed by a large pleurosphenoid (pi). Dashed line indicates position 
of fenestra ovalis. From Berman, 1 977. (b) Palate of the modern genus 
Trogonophis, x 6. From Gans, 1960. The presence of a median pre- 
maxillary tooth is a unique feature of this group. Abbreviations as in 
Figure 8-3. 


SNAKES 

Structure and origin 

Snakes are the most rapidly evolving group of reptiles. 
Most modern genera belong to families whose major ra- 
diation has occurred since the beginning of the Miocene, 
The skull structure and feeding behavior of many snakes 
seems specifically adapted toward warm-blooded prey, 
which suggests that the recent evolution of snakes has 
been closely tied with the diversification of mammals. 

Snakes have exaggerated the tendency that is seen in 
many lizard groups toward elongation of the trunk and 
reduction of the limbs. No snakes show even a trace of 
the pectoral girdle or forelimb, although many primitive 
genera retain vestiges of the pelvic girdle and rear limb. 
The number of precaudal vertebrae ranges from 120 to 
454. The vertebrae (which are often the only elements 
known for many fossil snakes) are characterized by the 
presence of accessory articulating facets above the neural 
canal, the anterior zygosphene, and posterior zygantrum 
(Figure 11-33). Some lizards have similar structures, but 
their specific configuration allows us to distinguish the 
vertebrae of the two groups. 

In most snakes, the elements of the upper and lower 
jaw and the palate are highly mobile in association with 
feeding on large prey that is swallowed whole (Figure 11- 
34). The upper temporal arch is lost and the quadrate is 
even more mobile than in lizards. It serves a role that is 
comparable to that of the hyomandibular in advanced 
sharks (see Figure 5-14) by contributing to a great mo- 
bility of the jaws that are not strongly attached at the 
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Figure 11-33. VERTEBRA OF THE PRIMITIVE CAENOPHID1AN 
SNAKE N1CEROPHIS FROM THE PALEOCENE OF NIGER, (a) 
Anterior and (b) posterior views showing accessory articulating surfaces 
that are diagnostic of snakes, x 6. From Rage, 1 975. By permission of 
Comptes Rendus de VAcademie des Sciences de Paris, Sen. D, 281. 


symphysis. The teeth are long, laterally compressed, and 
recurved. They are newly elaborated on the pterygoid and 
palatine but may be lost from the premaxilla. The tem- 
poral region is elongated, which provides for a great in- 
crease in the area of jaw muscles, and the eyes are far 
forward. The feeding mechanisms of snakes have been 
described by Pough in a recent symposium (1983). 

To protect the braincase from struggling prey, the 
frontals and parietals have grown ventrally so that they 
completely surround the forebrain. In contrast with liz- 
ards and other reptiles, the braincase is low and flat. Em- 
bryologically, the trabeculae remain paired in the inter- 
orbital region, whereas they fuse medially in all other 
amniotes. 

The oldest snake in which the skull is adequately 
known, Dinilysia from the Upper Cretaceous of South 
America, shows a fairly advanced stage of evolution of 
these features (Figure 11-35). 

In less specialized aspects of their anatomy, snakes 
closely resemble lizards, and it has long been accepted 
that they evolved from within that group. The most im- 
portant derived feature that all species of snakes and liz- 
ards possess is the hemipenes (paired, eversible copulatory 
organs). However, there is continued debate as to whether 



Figure 11-34. SKULL OF A MODERN COLUBRID SNAKE, PTYAS. 
The loose connection of the upper and lower jaw is clearly evident. 
Abbreviations as in Figure 8-3. From Parker and Grandison, 1977. © 
Trustees of The British Museum (Natural History) 1 977. Used by per- 
mission of the publisher, Cornell University Press. 


any of the modern lizard families are closely related to 
snakes, and there are also conflicting view's as to the en- 
vironment in which snakes evolved. 

Snakes share several features (including their most 
important attributes, trunk elongation and limb reduc- 
tion) with burrowing lizards. Like these groups, snakes 
have lost the tympanum and the middle ear cavity. Even 
more striking similarities are found in the eye, which some 
authors have interpreted as indicating that snakes passed 
through a burrowing stage in their evolution during which 
the eye underwent marked degeneration. It is hypothe- 
sized that the eye became reconstituted when modern snakes 
again became adapted to living on the surface of the ground. 

As in some burrowing lizards, snakes have modified 
the movable eyelids into a fixed spectacle. The retinal cells 
appear to have been simplified, and both intrinsic and 
extrinsic eye muscles have been reduced. All snakes lack 
oil droplets and most lack a fovea, which is present in 
advanced lizards. The absence of chondrified and ossified 
supports of the sclera, which are retained even in bur- 
rowing lizards provides further evidence of degeneration 
of the eye (Walls, 1942). 

Despite these arguments, there are several problems 
in accepting a burrowing stage in the origin of snakes. 
The specializations that occurred in the skulls of burrow- 
ing lizards and amphisbaenids (see Figure 11-32) are very 
different than those that characterize early snakes such as 
Dinilysia. The bones of the skull are tightly knit into a 
solid structure, in contrast with the extremely mobile skull 
of most snakes. Modern burrowing snakes, like burrow- 
ing lizards, have upper jaws that are strongly attached to 
the skull and tend to reduce the length of the lower jaws. 
These genera appear to have specialized their jaw struc- 
ture from a more mobile antecedent condition, but the 
skull is otherwise quite distinct from that of burrowing 
lizards. The earliest known genera that have been iden- 
tified as snakes or intermediates between lizards and snakes 
are not burrowers but were aquatic and have a highly 
mobile skull. 

Several of the characteristics of snakes that have been 
attributed to burrowing may have a different basis. The 
loss of the tympanum and middle ear cavity has occurred 
in several groups of nonburrowing lizards and can be 
associated in snakes with the great mobility of the quad- 
rate, which would have made support of a tympanum 
extremely difficult (Berman and Regal, 1967). Several of 
the changes in eye structure that have been cited as in- 
dicating a fossorial stage in the origin of snakes also oc- 
curred in the origin of mammals, although in association 
with nocturnal vision rather than with burrowing. Other 
changes in the eye can be attributed to life on the ground 
and movement in dense vegetation and loose soil and were 
not necessarily associated with a strictly subterranean or 
burrowing way of life. 

Among modern lizards, the most significant similar- 
ities to snakes are found among the varanoids. These 
include the nature of the tongue, the manner of tooth 
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(a) 



( b ) 



Figure 11-35. SKULL OF THE EARLIEST ADEQUATELY KNOWN 
SNAKE DINILYSIA. From the Upper Cretaceous of South America, in 
dorsal and palatal views, x 1. Abbreviations as in Figure 8-3 plus: If, 
lacrimal foramen; mp, maxillopalatine foramen; oc, orbitonasal canal; 
pvc, posterior opening of vidian canal; s, stapes. From Estes, Frazetta, 
and Williams, 1 970. 


replacement, and the presence of an intramandibular joint. 
In both groups, Jacobson’s organ is an important sensory 
structure. No one feature is unique to varanoids, but no 
other group of lizards possesses all of them. Rieppel (1980, 
1983) questions varanoid affinities and suggests that the 
pattern of kinesis of both the skull roof and the lower 
jaws differ from that of all modern lizard groups and 
probably evolved separately from the eolacertilian level. 

In contrast with members of several other lizard groups, 
modern varanoids show little tendency toward limb re- 
duction or trunk elongation. However, there are several 
early Cretaceous genera that combine the cranial features 
of varanoids (including great mobility of the jaw bones 
and quadratb) with an elongate body and reduced limbs. 


These genera include the dolichosaurs, which have already 
been mentioned, as well as two genera that Haas (1979, 
1980) recently described from the early Upper Cretaceous 
of Israel (Figure 11-36). The latter arc clearly snakelike 
in general body form and the total absence of forelimbs 
and girdles. Ophiomorphus has well-developed remnants 
of the rear limb and girdle, but they are much reduced in ; 
Pachyrhachis. Both are well over 1 meter long, with more f 
than 100 precaudal vertebrae. Pachyrhachis has pachy- i 
ostotic ribs, which suggests aquatic adaptation. Both show j 
vertebral similarities with previously named members of 
the family Simoliophidae, which have been classified among 
both the varanoids and the snakes. These genera seem to 
be almost ideal intermediates between the two groups. 

The ancestors of snakes probably diverged from the 
lizards before the end of the Jurassic. Although the evi- 
dence is not conclusive, their affinities are probably close 
to the base of the varanoid stock, from which their pri- 
mary specialization was toward great elongation of the 
body and limb reduction. The early members may have 
been relatively large terrestrial carnivores that became 
further specialized by an increase in jaw mobility that 
enabled them to swallow prey whole. Great elongation ? 
of the body and a relative reduction of its girth would 
have preadapted snakes for both aquatic locomotion and 
burrowing, which have been elaborated in divergent lines j 
many times during their evolutionary history (Gans, 1975). ! 


The diversity of snakes 

The fossil record of terrestrial snakes in the Cretaceous 
and Lower Tertiary remains very incomplete. The inter- 
relationships of the modern families is based almost en- 
tirely on the anatomy of living species. 

We can divide modern snakes into three groups: the 
infraorders Scolecophidia, Henophidia, and Caenophidia 
(Parker and Grandison, 1977). The Scolecophidia in- 
cludes two families of burrowing snakes, the Typhlopidae 
and the Leptotyphlopidae, which are today widely dis- 
tributed in Europe, southeast Asia, Africa, South America, 
and Australia. They are primitive in retaining rudiments 
of the pelvic girdle and in having only a single opening 
for the trigeminal nerve. However, they arc highly spe- 
cialized in their cranial anatomy in a pattern unlike that 
of other snakes, modern or fossil. Their skull structure 
may be associated with a burrowing way of life and ad- 
aptation to feeding on small invertebrate prey. Most of 
the skull bones are solidly joined together, the jaws are 
shortened, and the dentary and pterygoid may lack teeth. 
Vertebrae that are assignable to this group are known 
from the Eocene. 

The Henophidia, or Booidea, includes a large number 
of genera that are relatively primitive but lack the spe- 
cializations of the Scolecophidians. Primitive features that 
are retained in many genera include vestiges of the pelvic 
girdle and hind limb, coronoid bones in the lower jaw, 
and teeth on the premaxilla. In contrast with more ad- 
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Figure 11-36. PACHYRHACHIS. This genus from the Lower Cretaceous of Israel may be intermediate between varanoid 
lizards and snakes. Approximately 1 meter long. Photograph courtesy Dr. Tchernov. 


vanced snakes, the left and right common carotids are 
both retained. Three families of burrowing snakes and 
the Boidae are included in this group. The Aniliidae, Uro- 
peltidae, and Xenopeltidae (sometimes united in a single 
family) are all medium-sized snakes that feed on small 
vertebrates and invertebrates. They are specialized in the 
solid attachment of the upper jaw. The Uropeltidae and 
Xenopeltidae, which are restricted to India, Ceylon, and 
southeast Asia, have no fossil record. The Aniliidae, which 
have modern genera in South America and southeast Asia, 
are known in North America from the Upper Cretaceous, 
through the Middle Tertiary. 

Although the Boidae includes some burrowing gen- 
era, members of this family show much greater jaw mo- 
bility, with lengthening of the squamosal and quadrate. 
The Boidae includes the well-known boas and pythons, 
which may reach a length of 10 meters, as well as many 
smaller forms. Some boids are fossorial, while others are 
terrestrial, arboreal, or semiaquatic. We find fossils that 
belong to the family Boidae as early as the Upper Cre- 
taceous. Dinilysia (see Figure 11-35), one of the few fossil 
snakes for which nearly the entire skeleton is known, 
appears close to the base of the stock from which all later 
henophidians evolved. 

The Caenophidia includes all the more advanced 
snakes — the vipers, cobras, and other poisonous forms, 
as well as the extremely diverse colubrid assemblage. They 
are differentiated from more primitive snakes by a further 
increase in jaw mobility. The basipterygoid processes are 
lost so that the pterygoid is more freely movable relative 
to the base of the braincase. The teeth on the premaxillae 
t | are lost, as are the coronoid bones in the lower jaw. The 
; pelvic vestiges are lost, which increases the capacity of 

, the abdominal region to accept large prey. Further tech- 

nical distinctions from henophidians include the loss of 


the right common carotid artery and the wider spacing 
of the intercostal arteries. 

The Colubridae is the most diverse of all snake fam- 
ilies, with over 300 genera and 1400 species and a world- 
wide distribution. Most are terrestrial, but some have 
adapted to fresh water and others to marine habitats. A 
few are venomous, with fixed fangs at the back of the 
mouth. They are the earliest of the advanced Caenophi- 
dian groups to appear in the fossil record, with isolated 
vertebrae reported from the late Eocene of Europe. 

The major groups of venomous snakes, the Viperidae 
iand the Elapidae, both appear first in the Lower Miocene 
of Europe and enter the North American fauna by the 
end of the epoch. Both are now nearly worldwide in dis- 
tribution. The Elapidae, which include the cobras, coral 
snakes, mambas, and kraits, are characterized by the fixed 
nature of the fangs. Although not known as fossils, the 
sea snakes or Hydrophidae, appear to be closely related 
to the Elapidae and have been placed in the same family. 
They are widespread in warm oceans. 

In the Viperidae, the maxillae can be rotated so that 
the fangs are folded back during feeding. The subfamily 
Viperinae includes the adders and true vipers of the Old 
World. The Crotalinae or pit vipers are characterized by 
the presence of a heat-sensitive pit between the eye and 
nostril. This adaptation seems especially well suited for 
hunting warm-blooded mammals in the night and in dark 
tunnels and crevices. This subfamily includes rattlesnakes, 
water moccasins, copperheads, the bushmasters, and fer- 
de-lance. 

Modern colubroid snakes are clearly distinct from 
most henophidians, but several families appear to occupy 
an intermediate position. The living Acrochordidae, which 
are typically placed with the boids, show many caeno- 
phidan features — especially in the mobility of the jaws — 
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but these may have been achieved in parallel. The Ar- 
chaeophidae, Anomalophidae, and Palaeophidae of the 
Upper Cretaceous and Lower Cenozoic may be related to 
the ancestry of the caenophidians, but they are poorly 
known and, like the Acrochordidae, primarily aquatic. 

Summary 

Lepidosaurs include the modern lizards, snakes, 

Spbenodon, and their ancestors going back to the 
late Paleozoic. Lepidosaurs and archosaurs (including the 
modern crocodiles and the dinosaurs) belong to a larger 
assemblage, the Diapsida, that is differentiated from other 
reptile groups by the presence of two pairs of temporal 
openings and a suborbital fenestra. The oldest known 
genus to have these features is Petrolacosaurus, from the 
Upper Carboniferous. Petrolacosaurus closely resembles 
the protorothyrids in other, more primitive features of the 
skeleton. 

Petrolacosaurus has an elongate neck and distal limb 
elements that unite it with Araeoscelis as a distinct group 
of early diapsids, the Araeoscelida. Other primitive diap- 
sids include the coelurosauravids, in which the ribs are 
greatly expanded to form a gliding membrane, and the 
thalattosaurs, which have become secondarily aquatic. 

We may group more advanced diapsids into two large 
assemblages, the lepidosauromorphs and the archosauro- 
morphs, which are distinguished by basic differences in 
locomotion. Lepidosauromorphs retain the primitive pat- 
tern of sinusoidal movements of the trunk that are com- 
mon to early tetrapods, but the force and stride of their 
forelimbs is increased through the development of a mas- 
sive sternum that forms a base for the rotation of the 
coracoids. 

The most primitive lepidosauromorphs are the Upper 
Permian and Lower Triassic eosuchians. Youngina and 
Thadesoaurus are almost ideal ancestors of later lepido- 
saurs, except for specialization of the carpus. The croc- 
odilelike champsosaurs of the late Cretaceous and early 
Tertiary may have evolved from primitive eosuchians, but 
we cannot establish this connection with certainty. 

Lizards and sphenodontids may share a common an- 
cestry with the eosuchians. The modern lepidosaur groups 
are unique among reptiles in having separate epiphyseal 
ossifications that allow the formation of specialized joint 
surfaces and permit controlled termination of growth. 
Early squamates and sphenodontids have a light, elongate 
stapes, and they probably had an impedance-matching 
middle ear. 

We know the sphenodontids from the Upper Triassic. 
Most features of their skeleton already resemble the living 
species. This group is characterized by the presence of an 
acrodont marginal dentition. The palatine bears a row of 
large denticles that in Sphenodon are parallel with those 
of the maxilla. The lower temporal bar is complete in 


most genera but is bowed laterally to allow passage of 
the external adductor to the lateral surface of the lower 
jaw. In some early genera, the lower temporal bar is in- 
complete. The pleurosaurs were an early offshoot of the 
sphenodontids that became adapted to an aquatic way of 
life. The trunk region is greatly elongate, and the limbs 
are greatly reduced. 

Lizards, which appear in the fossil record at the end 
of the Permian, are distinguished from sphenodontids in 
the mobility of the quadrate (streptostyly), which enables 
the pterygoideus musculature to exert a much greater force 
when the jaw is nearly closed. In even the earliest genus, 
Paliguarta, the quadrate is deeply embayed posteriorly to 
support a tympanum as in modern lizards. 

Modern lizard infraorders had all evolved by the end I 


of the Jurassic. Most living families have a fossil record 
going back to the later Cretaceous or early Tertiary, and 
we know many modern genera from the early Tertiary. 

The most spectacular of fossil lizards are the mosa- 
saurs which were large marine carnivores of the late Cre- 
taceous. They share a common ancestry with the modern 
varanoids. 

Elongate, snakelike forms from the early Cretaceous 
support affinities of this group with the varanoid lizards. 
The evolution of the advanced snake families is closely 
associated with that of the Tertiary mammals on which 
they preyed. 
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Mesozoic Marine 
Reptiles 


Reptiles are a primarily terrestrial assemblage, but during 
the Mesozoic several groups also dominated the marine 
environment. Among the most conspicuous marine rep- 
tiles were the ichthyosaurs, which were comparable in 
size and shape to large pelagic sharks and dolphins, and 
the plesiosaurs, which are characterized by their long necks, 
short trunks, and large paddlelike limbs. Ichthyosaurs ap- 
peared in the early Triassic, were most numerous in the 
early Jurassic, but died out well before the end of the 
Cretaceous. The plesiosaurs were diverse throughout the 
Jurassic and Cretaceous. Less well known are the notho- 
saurs and placodonts of the Triassic, which show lesser 
degrees of aquatic adaptation but are already clearly dis- 
tinct from all groups of earlier terrestrial reptiles. The 
pattern of radiation of these groups is shown in Figure 
12 - 1 . 

The specific ancestry and relationships of these groups 
have long been subject to dispute. There is still little evi- 
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Figure 12-1. STRATIGRAPHIC RANGES OF MESOZOIC AQUATIC REPTILES. 


dence to establish the affinities of the ichthyosaurs, which 
are distinguished as a separate reptilian subclass^ the 
Ichthyopterygia. The placodonts appear to be derived from 
among early diapsids, but we cannot be more specific 
about their ancestry at present. Nothosaurs and plesio- 
saurs are united by unique derived features of the skull 
and shoulder girdle that support their inclusion in a dis- 
tinct order, Sauropterygia, which may be a sister group 
of the lepidosaurs. 

Aquatic adaptation is a common phenomenon among 
reptiles, as exemplified by the mesosaurs among the Cap- 
torhinida; the turtle families Plesiochelyidae, Chelonidae, 
and Dermochelyidae; the pleurosaurs; and several fami- 
lies among the Squamata. Seymour (1982) pointed out 
that aquatic adaptation is particularly easy among prim- 
itive amniotes because of their low metabolic rate, tol- 
erance of anoxia and low body temperature, and great 
capacity to make use of fermentative metabolism for mus- 
cle activity. If we judge from modern marine iguanids, we 
see that adaptation to locomotion and feeding in the water 
does not necessarily require any structural or physiolog- 
ical specializations (Dawson, Bartholomew, and Bennett, 


1977). Aquatic locomotion requires only one-fourth the 
metabolic expenditure of terrestrial locomotion in the 
iguana. Reptiles may have become secondarily aquatic 
whenever the balance between terrestrial and aquatic food 
sources and predators favored life in the water. 

Sauropterygians 

The sauropterygians provide the most complete evi- 
dence of the sequence of events that leads to a spe- 
cialized aquatic way of life. The radiation of primitive 
diapsids includes a number of aquatic lineages. Among 
the younginoids, the families Younginidae and Tanga- 
sauridae are similar in most skeletal features, but the tail 
in tangasaurids is laterally compressed with long neural 
and haemal spines to form an effective swimming struc- 
ture (see Figure 1 1-12). The abdominal cavity is filled with 
small stones that would have served for ballast. Tanga- 
saurids are precluded from the ancestry of later aquatic 
diapsids by the specialization of the carpus, in which the 
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Figure 12-2. SKELETON OF CLAUDIOSAURUS. This diapsid from the Upper Permian of Madagascar shows an early 
stage of aquatic adaptation. Joint surfaces of the girdles and limbs are slow to ossify, and the small size of the head and long 
neck would have facilitated feeding in the water. Approximately 60 centimeters long. Front Carroll, 1981. 


lateral centrale is separated from contact with the fourth 
distal carpal by the large medial centrale. However, the 
remainder of their anatomy is close to that of primitive 
sauropterygians. Neither the front nor hind limbs are spe- 
cialized for aquatic propulsion, nor are they reduced in 
size. As in modern aquatic lizards and crocodiles, the 
forelimbs were probably held against the side of the body 
to reduce drag. 


CLAUDIOSAURUS 

Contemporary with these eosuchians in the Upper Per- 
mian of Madagascar are the remains of a further aquatic 
genus, Claudiosaurus, which may be closer to the ancestry 
of the later sauropterygians (Figures 12-2 and 12-3). Most 
skeletal features of Claudiosaurus resemble those of early 
terrestrial eosuchians, although the carpus retains the 
primitive diapsid pattern in which the lateral centrale 
reaches the fourth distal tarsal. The most conspicuous 
difference is the presence of a long neck, which results 
from the posterior displacement of the shoulder girdle. 
The presacral vertebral count remains 25. The third, rather 
than the fourth, digit of the manus is the longest, which 
gives the hand a more paddlelike appearance. 

The most important derived feature that Claudio- 
saurus shares with nothosaurs and plesiosaurs is the loss 
of the lower temporal bar. The remainder of the skull 
closely resembles that of the early eosuchian Youngina 
(see Figure 11-9). The general similarity of the skulls of 
eosuchians, Claudiosaurus, and nothosaurs (see Figure 
12-5) demonstrates that the configuration of the cheek 
that is typical of sauropterygians evolved from that of 
primitive diapsids through the loss of the lower temporal 
bar rather than from genera that primitively lacked a 
lateral temporal opening (Carroll, 1981). In contrast with 
squamates, which have also lost the lower temporal bar, 
the quadrate is solidly supported by the pterygoid in Clau- 
diosaurus and later sauropterygians. 

The palate of Claudiosaurus also resembles that of 
nothosaurs and plesiosaurs in the loss of the transverse 
flange of the pterygoid and the reduction in the size of 
the suborbital fenestrae and interpterygoid vacuities. 

In further contrast with terrestrial lepidosaurs, the 
sternum is not calcified or ossified in this genus, although 
an impression of an apparently cartilaginous structure is 


evident in most specimens between the gastralia and the 
posterior margin of the coracoids. The loss of ossification 
of the sternum may be attributed to a change in function 
of the forelimbs. In lizards, the sternum serves as a surface 
for the rotation of the coracoid to extend the stride. How- 


ever, the alternating movements of the forelimbs that are 
so important in terrestrial locomotion would be disad- 
vantageous in the water, since they would force the head 
and front of the trunk from side to side. If such alternating 
movements of the limbs were not advantageous in aquatic 
reptiles, selection would quickly act to reduce the sternum. 
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Figure 12-3. SKULL OF CLAUDIOSAURUS. (a) Dorsal, (b) palatal, 
and (c) lateral views showing structures intermediate between those of 
eosuchians (compare with Figure 11-9) and nothosaurs (see Figure 12- 
5). The lower temporal bar is lost, but the quadrate is strongly supported 
by the squamosal and pterygoid. The transverse flange of the pterygoid 
is lost, and the size of the suborbital and interpterygoid vacuities are 
greatly reduced as would be expected in an ancestor of sauropterygians, 
but the skull roof remains primitive. Abbreviations as in Figure 8-3 plus: 
stb, stapedal boss; qrpt, quadrate ramus of pterygoid; sof, suborbital 
fenestra. From Carroll, 1981. 
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Figure 12-4. SKELETON OF PACHYPLEUROSAURUS, A NOTHOSAUR FROM THE MIDDLE TRIASSIC OF SWIT- 
ZERLAND. The joint surfaces of the limbs and girdles arc poorly ossified and would probably not support the body for 
continuous terrestrial locomotion. The limbs are otherwise little specialized for aquatic locomotion. The primary propulsive 
force was probably produced by the tail, in which the anterior neural spines and haemal arches are expanded dorsally and 
ventrally. The adult specimen is approximately 120 centimeters long. From Carroll and Gaskill, 19S5. 


In contrast with tangasaurids, the tail of Claudio- 
saurus is slender and shows no specializations for aquatic 
locomotion. 

To judge by proportions of the trunk, tail, and limbs, 
this genus probably swam like modern aquatic lizards and 
crocodiles, with the front limbs folded alongside the body 
and the propulsive force produced by lateral undulation 
of the rear portion of the trunk and tail. The configuration 
of the joints of the girdles and limbs indicates that Clau- 
diosaurus was probably still capable of terrestrial loco- 
motion, but the large amount of cartilage suggests that it 
may have depended on the buoyancy of the water for 
support most of the time. 

NOTHOSAURS 

The nothosaurs, which are known primarily from the 
Middle Triassic of Europe and China, represent a more 
advanced stage in aquatic adaptation. Their limbs are 
reduced relative to primitive terrestrial reptiles but not 
highly modified for aquatic propulsion. Ossification of 
the girdles, carpals, and tarsals is greatly reduced, and the 
structure of the joints shows no features that would fa- 
cilitate support and movement on land. ~'\ 

Nothosaurs range from fewer than 20 centimeters to 
more than 4 meters long, and show considerable variation 
in the proportions of the head and neck. However, the 
structure and proportions of the remainder of the body 
are relatively uniform, which indicates a similar manner 
of aquatic propulsion throughout the group. 

Pachypleurosaurus (Figures 12-4 and 12-5) from the 
Middle Triassic of the Alpine region is a well-known ge- 
nus that belongs to the family Pachypleurosauridae (Car- 
toll and Gaskill, 1985). It reached a little more than 1 
metet in length, including a moderately long neck and 
long tail. The skull is particularly small and its relative 
size decreases significantly during growth. 

Apart from its small size, the skull is typical of prim- 
itive nothosaurs. As in eosuchians and Claudiosaurus, the 
upper temporal opening is smaller than the orbit. There 
is a strong upper temporal bar that is important in sup- 
porting the cheek in the absence of a lower temporal bar. 
The quadrate of pachypleurosaurids is embayed poste- 
riorly like that in lizards and may have supported a tym- 


panum. The presence of an impedance-matching ear is 
confirmed by the structure of the stapes, which is a slender 
rod that extends directly lateral toward the margin of the 
quadrate. It is suprising that a primarily aquatic group 
would have specialized the middle ear to be sensitive to 
airborne vibrations, especially since there is no evidence 
for an impedance-matching middle ear in primitive eo- 
suchians and Claudiosaurus. However, most primarily 
aquatic modern frogs have a well-developed middle ear. 

The palate of Pachypleurosaurus is typical of other 
nothosaurs in the broad extension of the pterygoids pos- 
teriorly and medially, so that the interpterygoid vacuities 
are completely closed and the base of the braincase is 



art 

Figure 12-5. SKULL OF THE PRIMITIVE NOTHOSAUR PACHY- 
PLEUROSAURUS. (a) Lateral, ( b ) dorsal, and (c) palatal views. The 
skull roof retains the features of eosuchians, except for the posterior 
movement of the external nares, but the palate is greatly modified with 
the complete closure of the suborbital vacuities. The pterygoids meet at 
the midline beneath the braincase. The quadrate is emarginated poste- 
riorly like that of lizards and may have supported a tympanum. Ab- 
breviations as in Figure 8-3. From Carroll and Gaskill, 1985. 
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covered ventrally. This can be interpreted as an extension 
of the changes already observed in Claudiosaurus. 

The neck is long in all nothosaurs. Pachypleurosau- 
rus has approximately 18 cervical vertebrae. The number 
in the trunk ranges from 20 to 21. Intercentra are lost, 
except anterior to the atlas and axis and at the base of 
the tail. There are three sacral vertebrae — one more than 
in eosuchians. Other nothosaurs may have as many as 
six. The sacral ribs have very small surfaces for attach- 
ment to the ilium, which is itself very reduced. The sacral 
attachment appears very weak in all nothosaurs, and it is 
difficult to explain why the number of sacral ribs has 
increased. 

In Pachypleurosaurus, the neural and haemal spines 
near the base of the tail are expanded dorsally and ven- 
trally to form an effective surface for sculling. 

In many nothosaurs, the ribs and vertebrae are greatly 
thickened or pachyostotic, as were those of mesosaurs. 
This thickening would have increased their specific grav- 
ity, enabling them to remain submerged with a minimum 
of effort. This characteristic is particularly evident in smaller 
genera, including Neusticosaurus. 

The configuration of the pectoral girdles in notho- 
saurs is unique among reptiles (Figure 12-6). The bones 
are relatively poorly ossified, with little definition of the 
glenoid. The base of the scapulae, clavicular blades, and 
interclavicle form a strong anteroventral bar. Behind this 
bar is a very large medial opening that is bordered pos- 
teriorly by very elongated coracoids. The blade of the 
scapula is greatly reduced relative to terrestrial reptiles 
and located well anterior to the glenoid. It would have 
provided little area for the attachment of muscles from 


Interclavicle 



Figure 12-6. PECTORAL GIRDLE OF THE NOTHOSAUR PACHY- 
PLEUROSAURUS. The clavicles and interclaviclcs form a solid trans- 
verse bar anteriorly, which is characteristic of this group. The central 
portion of the girdle is open and the coracoids extend posteriorly and 
meet broadly at the midline. Like the plesiosaurs (but unlike other am- 
niotes), the anterior margin of the scapula extends superficially beneath 
the clavicles and the interclavicle underlies the clavicles. From Carroll 
and Gaskill, 1985. 


the trunk that support the body on the girdle in terrestrial 
reptiles. The stem of the clavicle is fused to the scapula. 
Ventrally, the scapula expands beneath the clavicle, in 
contrast with the relationship in most reptiles, in which 
the blade of the clavicle is external to the scapula. 

In all nothosaurs, the distal limb elements are reduced 
relative to the humerus, which is a particularly stout ele- 
ment in the larger species. The elbow joint is very poorly 
defined. The olecranon of the ulna is not ossified, and 
articulating surfaces for the ulna and radius on the ventral 
surface of the humerus are absent. The lower limb was 
probably capable of being extended directly laterally, in 
contrast with its habitually flexed position in quadrupedal 
reptiles. All nothosaurs retain five distinct digits. In most 
genera the primitive phalangeal formula of 2, 3, 4, 5, 3 
is retained, but Pachypleurosaurus shows a loss of pha- 
langes while Ceresiosaurus exhibits hyperphalangy (Fig- 
ure 12-7). 

The pubis and ischium resemble those of primitive 
reptiles except for the development of a thyroid fenestra. 
The blade of the ilium is very narrow and provides little 
area of support for the sacral ribs. In Pachypleurosaurus, 
the rear limb is considerably shorter than the anterior, 
but the foot is broad and may have been important in 
steering. 

Aquatic locomotion in nothosaurs 
Nothosaurs have long been thought to be intermediate in 
their degree of aquatic locomotion between the pattern 
of primitive terrestrial reptiles and plesiosaurs. The limbs 
appear to be suitable for paddling but not for more so- 
phisticated aquatic locomotion. 

The restoration of Pachypleurosaurus in lateral view 
shows that the vertical expansion at the base of the tail 
wdjuld have provided the largest surface for aquatic pro- 
pulsion (see Figure 12-4). The primitive pattern of no- 
thosaur locomotion was probably an extension of that 
seen in aquatic lizards and crocodiles, in which lateral 
undulation of the trunk and tail played the primary role 
in propulsion. The limbs in all nothosaurs are reduced 
relative to the length of the trunk and may initially have 
been held to the sides of the body to reduce drag. The 
reduction of the size and degree of ossification of the limbs 
in nothosaurs probably dates from a primitive stage in 
their adaptation to life in the water. In some nothosaurs, 
the ventral portion of the shoulder girdle is extremely 
reduced, with neither the clavicles nor the scapulae ex- 
panded ventrally. This reduction may reflect the most 
primitive condition in the group. 

The configuration in other genera, in which the ven- 
tral portion of the scapula and the clavicular blade are 
expanded but have a relationship that is reversed from 
that of most reptiles, is certainly a specialization of no- 
thosaurs. It may be associated with selection for more 
active use of the forelimbs in propulsion. All nothosaurs 
are characterized by large coracoids that are greatly ex- 
tended posteriorly. We can associate this extension with 


CHAPTER XII 


245 



Figure 12-7. SKELETON OF THE NOTHOSAUR CERESIOSAURUS 
IN VENTRAL VIEW. This genus reached 4 meters in length. From 
Kuhn-Schnyder , 1963. By permission of the Archivio Storico Ticinese. 


the elaboration of muscles that move the forelimb pos- 
teriorly. We can attribute the redevelopment of the an- 
terior portion of the ventral surface of the pectoral girdle 
to a later stage in which more powerful protractors of the 
humerus evolved. The elaboration of the forelimbs in lo- 
comotion presumes a change in behavior and perhaps in 
the central nervous system control that emphasizes sym- 
metrical, rather than asymmetrical, movement. 

The pelvic girdle and rear limbs in nothosaurs are 
reduced and show little specialization indicative of an 
active role in propulsion. 


The pachypleurosaurids are primitive in the structure 
of the skull roof, with small upper temporal openings like 
those of early eosuchians. Most pachypleurosaurids are 
less than 1 meter long, and the low neural spines and 
broad flat neural arches indicate that lateral undulation 
of the trunk region may have remained the most impor- 
tant force in aquatic locomotion. 

Other nothosaurs, including Notbosaurus, are much 
larger — up to 4 meters long — and the skull is much wider 
posteriorly, with the upper temporal openings larger than 
the orbits (Figure 12-8). Notbosaurus has much taller 
neural spines and narrower neural arches, which suggest 
a more rigid trunk. The forelimbs are much more robust 
and more strongly differentiated from the rear limbs than 
in the smaller pachypleurosaurids, which suggests that 
they were more important in propulsion. 

The ancestry of plesiosaurs 

Nothosaurs appear to be plausible ancestors of the ple- 
siosaurs in most skeletal features. However, such a rela- 
tionship seems to be contradicted by the structure of the 
palate and the shoulder girdle. The palate of plesiosaurs 
is less specialized than that of nothosaurs in the retention 
of interpterygoid vacuities and exposure of the base of 
the braincase between the pterygoids. This configuration 
suggests that plesiosaurs may have evolved from more 
primitive diapsids rather than from any of the well-known 
nothosaurs, 

One genus from the Middle Triassic, Pistosaurus, 
which was originally described as a nothosaur, retains a 
more primitive pattern of the palate (Figure 12-9) (Sues, 
1987). The skull is similar to that of nothosaurs in re- 
taining nasal bones that are lost in typical plesiosaurs, 
and it has been associated with postcranial remains that 
are similar to those of nothosaurs (Figure 12-10). Unfor- 
tunately, the phylogenetic significance of this material is 



Figure 12-8. SKULL OF THE LARGE NOTHOSAUR SIMOSAU- 
RUS. The upper temporal openings are very large in contrast with those 
of Pachypleurosaurus. Length approximately 10 centimeters. Abbrevi- 
ations as in Figure 8-3. From von Meyer , 1847—1855. 
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Figure 12-9. SKULL OF PISTOSAURUS FROM THE MIDDLE 
TRIASSIC. (a) Dorsal and ( b ) palatal views. The palate resembles that 
of plesiosaurs in retaining interpterygoid vacuities and having the brain- 
case visible ventrally. The skull roof retains small nasal bones that are 
lost in Jurassic plesiosaurs. About 20 centimeters long. From von Meyer, 
1847-1855. (c) Palate of the plesiosaur Phosaurus. Length approxi- 
mately 1 meter. Modified from Saint-Seine, 1955. Abbreviations as in 
Figure 8-3. 

difficult to assess, since we are not certain that the skull 
and postcranial material belong to the same species. If 
they do, Pistosaurus provides a strong link between no- 
thosaurs and plesiosaurs. The pattern of the palate of 
Pistosaurus may represent retention of a primitive con- 
dition and so indicate that the lineage leading to plesio- 
saurs had diverged earlier than the appearance of the 
oldest known typical nothosaurs. Alternately, it might 
reflect a later reversion to a primitive condition. Such a 
reversion could result from a change in developmental 
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patterns, with the retention of an early onotogenetic stage 
in which the pterygoids had not yet extended to the mid- 
line beneath the braincase. 

The other problem in accepting a nothosaurian origin 
for plesiosaurs is the great difference in the configuration 
of the shoulder girdle. Typical plesiosaurs have what ap- 
pears to be a more primitive pattern, with both the scapula 
and coracoid greatly expanded ventrally, somewhat like 
those in primitive eosuchians. Andrews (1910) described 
growth stages in advanced plesiosaurs that show that the 
ventral portion of the girdle is initially open, somewhat 
as in nothosaurs, and the scapulae extend toward the 
midline only late in ontogeny. We can see a somewhat 
similar sequence phylogenetically from the nothosaurs 
through the most primitive Lower Jurassic plesiosaurs to 
the more advanced plesiosaurs (Figure 12-11). Unfortu- 
nately, the anatomy of the earliest plesiosaurs remains 
poorly known. 

More detailed knowledge of the transition between 
nothosaurs and plesiosaurs is limited by the absence of 
articulated remains of either group in the late Triassic. 
Disarticulated vertebrae, girdles, and limb elements hint 
at a transition between the two groups, but so far there 
is no evidence of the manner of change between the mark- 
edly different limb proportions and pattern of the pelvic 
girdle that differentiate the two groups. 

PLESIOSAURS 

As a group, the plesiosaurs are distinguished from no- 
thosaurs by the much greater size and increased similarity 
of the forelimbs and hind limbs. The pectoral and pelvic 
girdles are both greatly expanded ventrally, and there is 
ohly- a short distance between them. The gastralia are 
limited in extent, with no more than nine rows, but they 
are extremely massive (Figure 12-12). 

The means of locomotion among plesiosaurs has long 
been in dispute. Watson (1924) suggested that they rowed 
through the water, while Tarlo (1958) and Robinson (197J) 
proposed that plesiosaurs employed subaqueous flight in 
the manner of sea turtles and penguins. 

Godfrey (1984) argued that the structure of the gir- 
dles differs from that of sea turtles and penguins in lacking 
any specialized accommodation for dorso-ventral move- 
ment of the limbs. The great anterior-posterior extent of 
both the pectoral and pelvic girdles in plesiosaurs would 
have permitted strong anterior and posterior strokes like 
those that are used for aquatic propulsion in the sea lion, 
The sea lion is propelled primarily by horizontal retraction 
of the forelimbs, but English (1976) demonstrated that 
the recovery stroke provides some anteriorly directed lift 
as well. Although the recovery stroke would not provide 
as much thrust as the dorso-ventral movements of the 
flippers in penguins and sea turtles, the great inertia of 
the large plesiosaurs would have allowed them to continue 
forward during the recovery stroke as is the case for large 
penguins between wing beats (Clark and Bemis, 1979). 
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Figure 12-10. SKELETON OF PISTOSAURUS. The postcrania! skeleton was found in the same locality as 
the skull but not in direct articulation. If the association is correct, this genus combines a postcranial skeleton 
like that of typical nothosaurs with a skull similar to that of plesiosaurs. Length approximately 3 meters. 
Prom von Huene, 1948. 


(a) 



(b) (c) ( d ) lnterclavicle 







Clavicle 

Scapula 


Coracoid 

foramen 


Coracoid 


(h) 



Figure 12-11. SKELETAL ELEMENTS SHOWING A TRANSITION 
BETWEEN NOTHOSAURS AND ADVANCED PLESIOSAURS, (a, b, 
and c ) Trunk vertebrae of Pachypleurosaurus, Pistosaurus , and the ple- 
siosaur Cryptocleidus showing reduction of the width of the zygapo- 
physes and elongation of the transverse processes. These changes may 
have been associated with an increase of the epaxial musculature and 
a more rigid trunk, (d) Pectoral girdle of the primitive plesiosaur Ple- 
siosaurus. ( e , f, and g) Growth stages in the Upper Jurassic genus Cryp- 
tocleidus. [h, i, and /') The humerus of Pistosaurus, Plesiosaurus, and 
Muraenosaurus showing relative shortening of the shaft and achieve- 
ment of a more symmetrical appearance. From Carroll and Gaskill, 
1985. 
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Figure 12-12. (a) Skeleton of the plesiosauroid Cryptocleidus, about 3 meters long. From Brown, 1981. (b) The elasmosaurid 

Hydrotbecrosaurus, which reaches more than 12 meters in length. From Saint-Seine, 19SS. 


The lengthening of both girdles and the flattening of 
the puboischiadic plate into the horizontal plane, together 
with the increased bulk of the gastralia, would have con- 
tributed greatly to the rigidity of the trunk region in ple- 
siosaurs. This rigidity was probably necessary to permit 
the effective use of both the forelimbs and hind limbs as 
paddles. The tail is short and probably served as a rudder 
rather than as an important element in propulsion. The 
stiffening of the trunk and the use of the rear limbs as 
paddles may be the most important changes between no- 
thosaurs and plesiosaurs. 

The proportions of the trunk and limbs remain rel- 
atively constant among plesiosaurs from the Lower Jur- 
assic to the end of the Cretaceous. On the other hand, 
proportions of the head and neck vary extensively and 
progressive changes are evident in the details of the ver- 
tebrae, girdles, and limbs. In a recent review, Brown (1981) 
recognized approximately 40 plesiosaur genera. He di- 
vides them into four families. Like most other authors, 
including Welles (1962) and Persson (1963), Brown rec- 
ognized two major groups of plesiosaurs, the Plesiosau- 
roidea and the Pliosauroidea (Figure 12-13). 

Among the Plesiosauroidea, the head is relatively small, 
as among the nothosaurs. The neck is relatively long, with 
up to 76 vertebrae. Pliosaurs have much larger skulls (in 
some genera they exceed 3 meters in length) with a much 
longer symphysis between the lower jaws, but the neck 



Figure 12-13. THE PLIOSAUR LIOPLEURODON. From Newman 
and Tarlo, 1967. 


may have as few as 13 cervical vertebrae. All pliosaurs 
are included in a single family. The plesiosauroids are 
typically divided into two groups, the more primitive Ple- 
siosauridae, which may be close to the origin of the entire 
assemblage and have as few as 28 cervical vertebrae, and 
the more specialized elasmosaurs, which have 32 to 76 
cervical vertebrae. 

All advanced plesiosaurs, regardless of the families 
to which they belong, increase the number of phalanges 
.) in the paddles and develop single-headed, rather than dou- 
ble-headed, cervical ribs. Both elasmosaurs and pliosaurs 
persisted until the end of the Mesozoic. 

Placodonts 

The placodonts are a distinct aquatic group that was 

long thought to share a common ancestry with the 
nothosaurs. Placodonts have short, stout bodies, with the 
limbs only moderately specialized as paddles. The tail is 
long and laterally compressed but not in the form of a 
specialized propulsive organ. In most placodonts, the cheek 
and palatal teeth are large, flattened structures that would 
have been effective in crushing hard-shelled prey such as 
molluscs (Figure 12-14). 

We know placodonts from the Middle and Upper 
Triassic of Europe, North Africa, and the Middle East. 
They were probably confined to shallow, coastal waters. 
Placodonts are quite diverse when they first appear in the 
lower beds of the Middle Triassic, and they are already 
so specialized that we have not been able to establish their 
ancestry (Sues, 1986). 

Placodus, which Broili (1912) and Drevermann (1933) 
described, is characteristic of the group (Figure 12-15). 
The skull is massive and well consolidated for support of 
the large, flattened teeth on the palate, maxilla, and lower 
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Figure 12-14. SKULL OF THE PLACODONT PLACODUS. (a) Lateral, (b) occipital, (c) dorsal, and (d) 
palatal views. Placodonts are characterized by enormous crushing teeth on the palate. The entire skull is 
strongly constructed. The palate is suturally attached to the braincase, and the occiput is a nearly solid plate 
of bone. The solid cheek may have evolved from the fenestrate condition that was evident in early diapsids, 
but there is no direct evidence for the specific origin of the placodonts. The lower jaw is characterized by the 
conspicuous coronoid process to which the adductor jaw muscles were attached. The skull is approximately 
20 centimeters long. Abbreviations as in Figure 8-3. From Peyer and Kuhn-Schnyder, 1955. 





Figure 12-15. SKELETON OF THE PLACODONT PLACODUS, ABOUT 150 CENTIMETERS LONG. 
There is a single row of dermal ossicles above the neural spines. From Peyer, 1950. 
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jaw. The anterior teeth of the dentary and premaxilla are 
procumbent and spatulate at the tip. They may have served 
to dislodge attached prey. In contrast with most early 
reptiles, the dentary bone is elevated posteriorly as a large 
coronoid process for the insertion of jaw muscles. The 
palate is strengthened by the sutural attachment of the 
palatine and pterygoid at the midline, and there is no trace 
of interpterygoid vacuities. The suborbital fenestra is re- 
duced to a narrow slit. The internal nares opens by a 
single passage behind the median vomer. The base of the 
braincase and the basipterygoid processes are still visible 
behind the palate, in contrast with the condition in no- 
thosaurs. In Placodus, the braincase and dermal bones 
are integrated to form a nearly solid occipital surface, 
with greatly reduced posttemporal fenestrae. As in no- 
thosaurs, the large upper temporal openings are sur- 
rounded by the parietal, squamosal, and postorbital. The 
cheek is solid, without a trace of a lower temporal open- 
ing, and shows little ventral emargination. 

No features of the skull support close affinities with 
other aquatic reptiles or with any particular group of 
primitive terrestrial amniotes. 

Placodus has approximately 28 presacral vertebrae, 
only slightly more than in most terrestrial reptiles. The 
neural spines are tall and the transverse processes ex- 
tremely elongate. However, the centra are primitive in 
being deeply amphicoelous (Figure 12-16). This unusual 
combination of vertebral features is diagnostic of the pla- 
codonts. There are three sacral vertebrae and a long slen- 
der tail. The endoskeletal elements of the pectoral girdle 
are poorly ossified, like those in other members of the 
group; the coracoid is oval and the scapula is short and 
narrow. As in nothosaurs, the interclavicle underlies the 
blades of the clavicles (Figure 12-17). 

The pelvic girdle is primitive in the platelike nature 
of the pubis and ischium, with no thyroid fenestration. 
The limbs, especially the carpals and tarsals, are poorly 
ossified and they have little specialization for aquatic 
propulsion. 



Figure 12-16. VERTEBRAE, RIBS, AND GASTRALIA OF THE PLA- 
CODONT PARAPLACODUS. This genus shows the long transverse 
processes and deeply amphicoelous centra that are characteristic of this 
group. From Peyer, 1935. 



( b ) Pubis 



Figure 12-17. (a) Pectoral girdle of Placodus in ventral view. As in 

nothosaurs, the interclavicle broadly underlies the clavicle. ( b ) Pelvic 
girdle in dorsal view. It is primitive in lacking large thyroid fenestrae. 
From Peyer and Kuhn-Scbnyder, 1 955. 

The gastralia are well developed in all placodonts. 
Placodus is characterized by the presence of a single row 
of dermal ossifications above the neural spines. However, 
the generally more primitive genus Paraplacodus lacks 
such ossification. In a closely related, but divergent, lin- 
eage (which is represented by the genera Cyamodus , Pla- 
cochelys, and Henodus), the entire trunk region is covered 
by a dermal carapace that superficially resembles that of 
turtles (Figure 12-18). It is composed of a large number 
of polygonal ossicles. They are not at all comparable with 
the large plates of turtles, but in Henodus they were ap- 
parently covered by epidermal scutes (Westphal, 1976). 
The vertebrae are fused to the carapace and reduced in 
numbers. Most members of this assemblage of armored 
placodonts have cheek and palatal teeth like those of Pla- 
codus, but in sPpe genera the anterior teeth are lost and 
may have been replaced by a horny beak. Most of the 
teeth are lost in Henodus. This genus is also peculiar in 
the closure of the upper temporal opening. 

Helveticosaurus (Figure 12-19) apparently represents 
an early offshoot from the remainder of the placodonts. 
The vertebrae are comparable to those in Placodus in 
being deeply amphicoelous and in having very long trans- 
verse processes. The limbs and girdles show a similarly 
low degree of ossification. However, the trunk region is 
much longer, with approximately 43 presacral vertebrae. 
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Figure 12-18. DORSAL ARMOR OF THE PLACODONT HENO- 
DUS. Irregular polygons show the pattern of the dermal armor. Heavier 
lines on the left show the pattern of overlying epidermal scutes. Stippled 
bars on the right represent the underlying ribs. The carapace reached 
approximately 1 meter in width. Redrawn from Westphal, 1976. 


The cheek teeth are not flattened but resemble the more 
anterior teeth of other placodonts in being long and some- 
what recurved. Palatal teeth are not evident. In the only 
two speciments we know, the skull is badly disarticulated, 
which precludes restoration of its original configuration. 
The interclavicle retains a long stem. The margins of the 
anterior portion of the interclavicle may be covered by 
the clavicular blades, in common with most primitive ter- 
restrial reptiles. Despite some primitive features, Helve- 
ticosaurus does not help to establish the origin of pla- 
codonts or their relationships with other groups of aquatic 
reptiles. 

One may argue that the absence of a lateral temporal 
opening is a specialized character of placodonts that evolved 
within the group to strengthen the skull in relationship 
to the crushing dentition. However, there is no direct 
evidence for this hypothesis. Other reptiles, including Ar- 
aeoscelis (see Chapter 11) and Trilopbosaurus (see Chap- 
ter 13), appear to have closed a primitively open cheek 
in relationship to a crushing dentition, but they show no 


other features in common with placodonts. The estab- 
lishment of the affinities of this group must await the 
discovery of new fossils from the Lower Triassic or Upper 
Permian. 

Ichthyosaurs 

Throughout their known fossil record, ichthyosaurs 

were the most highly specialized of all marine reptiles. 
In advanced genera from the Jurassic and Cretaceous, the 
body is spindle shaped, the limbs are reduced to small 
steering fins, and the caudal fin is a large, lunate structure 
(Figure 12-20). The body form corresponds very closely 
with that of the modern teleost family, Carangidae, which 
includes the fastest swimming of all fish, the mackerals 
and tuna, which achieve speeds in excess of 40 kilometers 
an hour. The vertebrae are highly specialized, with the 
centra in the form of very short, deeply biconcave disks. 
The neural arches are separated from them by cartilage 
and do not bear transverse processes. The configuration 
of the skull is greatly modified, with a large orbit, a greatly 
reduced cheek, and a long snout. The teeth are of uniform 
shape and set in a long groove instead of distinct alveoli. 
The ichthyosaurs gave birth in the water to live young, 
thus avoiding the critical problem of going on land to lay 
eggs as must modern sea turtles, a practice that may have 
been necessary for mosasaurs and plesiosaurs as well. 

Since specimens arc present in many museums, it 
might be expected that the evolutionary history of ichthy- 
osaurs would be well known. As McGowan (1983) em- 
phasized, most fossils have come from a few extremely 
productive localities that represent only very limited pe- 
riods of geological time; the remainder of ichthyosaur 
history is very poorly documented. Relatively few detailed 
anatomical studies have been undertaken during the past 
50 years, and most of our knowledge still rests on pre- 
liminary work published in the nineteenth and early twen- 
tieth century. 





Figure 12-19. HELVET1COSAURUS, A PRIMITIVE PLACODONT IN WHICH THE MARGINAL TEETH ARE NOT 
CRUSHING PLATES. There is no trace of dermal armor. The specimen is approximately 2 meters long. From Peyer, 19SS. 
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Figure 12-20. THE ADVANCED ICHTHYOSAUR OPHTHAL- 
MOSAURUS FROM THE UPPER JURASSIC, (a) Skeleton, approxi- 
mately 31 meters long. From Andrews, 1910. ( b ) Restoration. From 
McGowan, 1983. 


EARLY TRIASSIC ICHTHYOSAURS 

The earliest ichthyosaurs are known from deposits at the 
top of the Lower Triassic in Spitsbergen and Japan and 
at the base of the Triassic sequence in China (Mazin, 
1981, 1983; Shikama, Kamei, and Murata, 1978; Young 
and Dong, 1972). We know most of the skeleton from 
numerous specimens of the Japanese genus Utatsusaurus 
(Figure 12-21). The body form is broadly similar to Jur- 
assic and Cretaceous ichthyosaurs, but most skeletal ele- 
ments are notably more primitive. The entire skeleton is 
approximately lj meters long. The skull is poorly known, 
but the lower jaws indicate that it was long and slender. 
The teeth are long and very slender, and the enamel is 
infolded at the tip. The neck is short, but the restored 
presacral column has approximately 40 presacral verte- 
brae. In contrast with later ichthyosaurs, the individual 
centra are approximately as long as they are high and not 
deeply amphicoelous. The neural arches appear to be only 
loosely attached to the centra. The tail is long and little 
specialized from the pattern of terrestrial reptiles, al- 
though the neural spines are somewhat modified and may 
have supported a low fin. The ribs in the trunk region are 
very long and slightly expanded distally. They are double 


headed, but both heads apparently attached to the cen- 
tra — as in later ichthyosaurs — without the arch possess- 
ing a transverse process. 

The scapula and coracoid are separately ossified, like 
those of the slightly modified aquatic diapsid Askepto- 
saurus. The interclavicle is a small triangular element, as 
in later Triassic ichthyosaurs. The clavicles are long nar- 
row elements that resemble their counterparts in primitive 
terrestrial reptiles. The pubis and ischium are greatly re- 
duced, as is the ilium, which was apparently not attached 
to the vertebral column. The forelimb and, even more so, 
the hind limb are reduced in size and degree of ossification. 
The humerus is short and broad. The ulna, radius, and 
metacarpals, in contrast, are little modified from the pat- 
tern in terrestrial reptiles. The carpus appears to have four 
elements in the proximal row and five in the distal. The 
manus has five distinct digits. There are four very short 
phalanges in each of the first three digits, with the hand 
as a whole giving the appearance of a fin. 

The femur, tibia, and fibula are even more reduced 
than the forelimb, but the tarsus and pes are not preserved. 
A pattern of gastralia like that of primitive diapsids is 
retained. 

Grippia, which is found in the uppermost beds of the 
Lower Triassic of Spitsbergen, provides the earliest evi- 
dence of the cranial structure in ichthyosaurs (Figure 12- 
22). The skull has a large upper temporal opening, but 
the cheek shows no evidence of a lateral fenestra, although 
it is slightly emarginated ventrally. The orbit is large, but 
the pre- and postfrontals meet above it. The snout, which 
is incompletely known, is somewhat elongate but prob- 
ably not as greatly as in later ichthyosaurs. The pineal 
opening lies between the parietals in primitive fashion, in 
contrast with its position in later ichthyosaurs at the bor- 
der of the frontals. The parietals, frontals, and nasals 
retain a relatively primitive configuration, whereas their 
pattern is greatly modified in later ichthyosaurs. The 
quadratojugal makes up a large portion of the cheek, as 
in later ichthyosaurs but in contrast with primitive am- 
niotes. The squamosal forms much of the lateral border 
of the upper temporal opening. The external nares are 
high on the snout and relatively close to the orbit, like 
th^se in other aquatic forms. 



Figure 12-21. THE EARLIEST KNOWN ICHTHYOSAUR UTATSUSAURUS FROM THE LOWER TRIASSIC OF JAPAN. 
The skeleton is approximately II meters long. The form of the body resembles that of advanced ichthyosaurs, but the details 
of the vertebrae, limbs, and girdle are much more primitive. The skull is very poorly known and has been restored according 
to the pattern of later ichthyosaurs. From Shikama, Kamei, and Murata, 1978. 
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Figure 12-22. SKULL OF THE PRIMITIVE ICHTHYOSAUR GRIP- 
PIA FROM THE LOWER TRIASSIC OF SPITSBERGEN, (a) Dorsal 
and ( b ) lateral views. Length about 15 centimeters. The tip of the snout 
has been restored. Abbreviations as in Figure 8-3. Prom Mazin, 1981. 


Surprisingly, the teeth of the maxilla and back of the 
dentary are hemispherical, like those of the mosasaur 
Globidens, and set in two rows. The more anterior teeth 
are sharply pointed cones. All the teeth are set in distinct 
sockets. The Lower and Middle Triassic genus Omphal- 
osaurus, which we find in California as well as Spitsber- 
gen, has several rows of similar teeth in the cheek region 
but a much more advanced structure of the limbs than 
Grippia. Heterodonty and multiple rows of cheek teeth 
may be specializations of this group of early ichthyosaurs. 
We do not know the general body form of Grippia, but 
the individual vertebrae and elements of the girdles and 
limbs appear nearly as primitive as those of Utatsusaurus. 

The earliest known ichthyosaur from China, C hao- 
husaurus (Figure 12-23), shares primitive features with 
Utatsusaurus and Grippia. The snout is somewhat elon- 
gated, the vertebrae are longer than high, and the forelifiib 
is modified as a paddle, but the individual elements fetain 
a configuration that is reminiscent of terrestrial reptiles, 
with a phalangeal count of 2, 3, 4, 4, 2. However, this 
limb is much larger than that of Utatsusaurus. 

The problem of ichthyosaur origin 
These early Triassic genera probably exemplify in a gen- 
eral way the pattern from which the later Mesozoic ichthy- 
osaurs arose. In contrast with the sauropterygians, the 
early ichthyosaurs were already highly adapted to an aquatic 
way of life, although the anatomy of the skull, vertebrae, 
girdles, and limbs of the Lower Triassic genera is much 
more primitive than that of their Jurassic and Cretaceous 
counterparts. However, not even the most primitive fea- 


tures link them to any particular group of terrestrial or 
aquatic reptiles, although the presence of a dorsal tem- 
poral opening suggests affinities with early diapsids. 

It was once thought that the presence of an upper 
temporal opening and a solid cheek constituted the basis 
for a large taxonomic group termed the Parapsida or Eu- 
ryapsida that included (at various times in the history of 
the concept) ichthyosaurs, plesiosaurs, nothosaurs, pla- 
codonts, and such terrestrial forms as Araeoscelis (see 
Chapter 11), Trilophosaurus, Protorosaurus, Prolacerta 
(see Chapter 13), and even lizards (Carroll, 1981). It is 
now clear that lizards, Protorosaurus, and Prolacerta 
evolved from the primitive diapsid stock by loss of the 
lower temporal bar. Araeoscelis and Trilophosaurus, in 
which the cheek is solid, may have a similar origin. The 
postcranial skeleton of these strictly terrestrial forms shows 
no significant specialization in common with either ichthy- 
osaurs or placodonts, and the common presence of a 
dorsal opening was either retained from an early diapsid 
condition or achieved convergently. In the later case, either 
or both of these groups might have arisen separately from 
primitive anapsid reptiles. 

The anatomy of the skeleton of ichthyosaurs does 
point to a common origin within primitive amniotes, with 
marked similarities of the braincase to that of early cap- 
torhinomorphs. There is no support for von Huene’s (1949) 
suggestion that ichthyosaurs arose directly from embol- 
omerous labyrinthodonts. 



Figure 12-23. THE PRIMITIVE ICHTHYOSAUR CHAOHUSAU- 
RUS FROM THE BASE OF THE TRIASSIC SEQUENCE IN CHINA. 
Approximately 1 meter long. The pectoral limb is much larger than that 
of Utatsusaurus. From Young and Dong, 1972. 




Figure 12-24. SKELETON OF THE MARINE REPTILE N AN- those of Placodus and thecodont archosaurs. Prom Young and Dong, 

CHANGOSAURUS [ HUPEHSUCHUS } FROM THE TRIASSIC OF 1972. 

CHINA. There are dermal ossifications along the vertebral column like 


Nanchangosaurus 

Another early form that may have affinities with the prim- 
itive ichthyosaurs is Nanchangosaurus [Hupehsuchus] from 
China (Figures 12-24 and 12-25). The trunk is fusiform 
and the limbs are reduced but retain the characteristics 
of terrestrial forms. The skull has a long, toothless snout 
and an upper temporal opening. According to Young and 
Dong (1972), the skull also shows a lateral temporal open- 
ing and an antorbital fenestra. There is a row of dermal 
plates along the vertebral column. These features are char- 
acteristic of thecodont archosaurs (see Chapter 13). Young 
and Dong place this genus among the thecodonts, which 
suggests that the ichthyosaur habitus was achieved con- 
vergently in the two groups. Alternatively, one could in- 
terpret this form as a primitive ichthyosaur, showing evi- 
dence of the relationship of this group to the archosaurs. 
Much more remains to be learned of all the early Triassic 
forms before we can understand the origin of this group. 


Upper Temporal opening 



Figure 12-25. SKULL OF NANCHANGOSAURUS [HUPEHSU- 
CHUS]. The presence of an antorbital fenestra is a feature it shares with 
archosaurs. In contrast with all orthodox ichthyosaurs, there is also a 
lateral temporal opening. The taxonomic position of this genus is un- 
certain. It may be an ichthyosaurlike archosaur or a link between prim- 
itive archosaurs and ichthyosaurs. Abbreviations as in Figure 8-3. From 
Young and Dong, 1972. 


Middle and upper 

TRIASSIC ICHTHYOSAURS 

Middle and Upper Triassic ichthyosaurs are even more 
. widespread geographically and anatomically diverse 
than those of the Lower Triassic. Two very distinct forms 
are known from the Middle Triassic, Cymbospondylus 
and Mixosaurus (Figures 12-26 and 12-27). Cymbo- 
spondylus from Nevada was last described by Merriam 
in 1908. This genus was much larger than the Lower 
Triassic forms, reaching 10 meters in length. The trunk 
was very long, with approximately 60 presacral vertebrae. 
The tail was also very long and apparently straight, and 
the skull had a very long snout. The teeth are long, sharp, 
and set in deep sockets. 

The proximal limb bones do not appear greatly mod- 
ified from the terrestrial pattern. The carpals and tarsals 
are rounded elements; the distal bones are unknown. The 
pelvic girdle is strikingly primitive, with a platelike pubis 
and ischium; the ilium has a narrow blade (Figure 12- 
28). The bones of the pectoral girdle resemble those of 
Utatasusaurus. 

Mixosaurus (Repossi, 1902; von Huene, 1949) is the 
most widely known of Middle Triassic ichthyosaurs, with 
fossils from Spitsbergen, the Alpine region, the western 
United States, China, and Indonesia. Superficially, Mix- 
osaurus appears close to the pattern of later ichthyosaurs. 
The body is somewhat more than 1 meter long. The limbs 
are modified as paddles with five principle digits, which 
show considerable hyperphalangy. The pectoral fin is sub- 
stantially larger than the pelvic. The tail is modified as a 
caudal fin, with the neural and haemal arches considerably 
elongated, but the end of the tail is not sharply down- 
turned (see Figure 12-27). 
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Figure 12-26. THE ICHTHYOSAUR CYMBOSPONDYLUS. Skeleton is from the Middle Triassic of Nevada, approximately 
1 0 meters long. From Merriam, 1 908. 



Figure 12-27. RESTORATION OF THE MIDDLE TRIASSIC ICHTHYOSAUR MIXOSAURUS FROM CENTRAL EU- 
ROPE. Length about 1 meter. From Kuhn-Schnyder, 1963. By permission of the Archivio Storico Ticinese. 
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Figure 12-28. CHANGING PATTERN OF THE PECTORAL AND 
PELVIC GIRDLES AMONG ICHTHYOSAURS, {a, b, c, and d) Pec- 
toral girdles of Vtatsusaurus (Lower Triassic), Mixosaurus (Middle 
Triassic), Shastasaurus (Upper Triassic), and Ophtalmosaurus (Upper 
Jurassic). (e,(, andg) Pelvic girdles of Cymbospondylus (Middle Triassic), 
Ichthyosaurus (Lower Jurassic), and Ophthalmosaurus (Upper Jurassic). 
(a) From Shikama, Kamei, and Murata, 1972, restored on the basis of 
the specimen drawing, (b, c, e, and f) From Merriam, 1908. (d and g) 
From Andrews, 1 91 0. 


There are 45 to 55 presacral vertebrae. As in Grippia, 
the cheek teeth have wide, blunt tips, although the an- 
terior teeth are sharply pointed. Unlike either earlier or 
later ichthyosaurs, the dorsal temporal opening is quite 
narrow. 

The only Upper Triassic ichthyosaurs for which most 
of the skeleton is known, is Shonisaurus, which is rep- 
resented by the remains of many specimens from Nevada 
that Camp (1980) recently described (Figure 12-29). 
Shonisaurus is the largest of all ichthyosaurs, reaching a 
length of 15 meters. In marked contrast with other genera, 
the manus and pes are both greatly elongated but there 
are only three rows of phalanges, which gives the ap- 
pearance of paddles rather than fins. The ribs are ex- 
panded distally. The teeth are restricted to the front of 
the jaw, and the end of the tail is bent ventrally. In contrast 
with other ichthyosaurs, two vertebrae bear sacral ribs 
for attachment of the ilia. The other vertebrae approach 
the pattern of advanced ichthyosaurs. The centra are short, 
biconcave disks. They bear two rounded articulating sur- 
faces for the attachment of rib heads. 

Merriam (1902, 1904) named several genera of ich- 
thyosaurs from the Upper Triassic of California, includ- 
ing Shastasaurus, Delphinosaurus, and Toretocnemus, none 
of which is represented by a complete skeleton. In an 
additional genus, Merriamia, the forelimb is much longer 
than the hind limb, as in Mixosaurus and Jurassic ichthy- 
osaurs, but it has only three principle digits; the hind limb 
has four digits. The skull is advanced over that of most 
other Triassic forms in having the teeth set in a continuous 
groove rather than in separate sockets. 
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Figure 12-29. THE UPPER TRIASS1C ICHTHYOSAUR SHONISAURUS WHICH REACHED A LENGTH 15 METERS. 
The heads of the ribs are not drawn, in order to show the articulating surfaces of the vertebrae. From Camp, 1980. 


Jurassic and 

CRETACEOUS 

ICHTHYOSAURS 

Ichthyosaurs reached their greatest diversity in the 

early Jurassic, as documented by remains from Eng- 
land and Germany (McGowan, 1979). Post-Triassic 
ichthyosaurs appear to represent a new radiation from a 
single preexisting lineage, rather than being a continua- 
tion of the early Triassic radiation. Jurassic and Creta- 
ceous ichthyosaurs appear more similar to one another 
than do the Triassic genera, and all show the same ad- 
vanced characters. 

The most important features relate to the mode of 
locomotion. Among the adequately known Triassic gen- 
era, the tail is straight or only gently curved. From the 
base of the Jurassic, all advanced ichthyosaurs show a 
sharp ventral bend in the tail that supports the lower 
portion of a high, lunate caudal fin. The caudal zygapo- 
physes form a ball-and-socket joint to facilitate lateral 
flexion but limit mobility in a dorso-ventral direction. In 
Triassic genera, the zygopophyses are paired and rela- 
tively flat, but they become confluent and form a single, 
broadly curved surface by the early Jurassic. 

A comparison with modern fish indicates that the 
change in body form between Triassic and Jurassic ichthy- 
osaurs can be associated with a change in swimming 
mechanics from a moderately fast anguilliform mode to 
the much more effective advanced carangiform mode of 
modern tunas and the fastest-swimming sharks (Webb, 
1982). 

Other skeletal changes also distinguish the post-Triassic 
ichthyosaurs. In most Triassic genera, the ribs attach by 
a single head except in the cervical region. In Jurassic 
genera, the trunk ribs are double headed as well. The 
pectoral girdles of Jurassic and Cretaceous ichthyosaurs 
are characterized by a T-shaped rather than a triangular 
interclavicle. The pelvic girdle is greatly reduced and the 


ischium and pubis are fused to one another in the Upper 
Jurassic genus Opktkalmosaurus (see Figure 12-28). 

The paired fins are both more highly specialized. The 
ulna, radius, tibia, and fibula are so modified that they 
form an unbroken series with the metapodials and pha- 
langes (Figure 12-30). There is considerable variety in the 
configuration of the paddles in Jurassic and Cretaceous 



Figure 12-30. DIFFERENT PATTERNS OF THE FRONT LIMBS OF 
ICHTHYOSAURS. ( a ) Utatsusaurus (Lower Triassic). From Shikam, 
Kamei, and Murata, 1978. ( b ) Mixosaurus (Middle Triassic). From 
McGowan, 1972. (c) Merriamia (Upper Triassic). From McGowan, 1971. 
( d ) Proteosaurus, sliowing tlie pattern that is characteristic of longipin- 
nates (Lower Jurassic) From McGowan, 1972. ( e ) Ichthyosaurus com- 
munis, showing the pattern of latipinnates (Lower Jurassic). From 
McGowan, 1972. Abbreviations as follows: i, intermedium; pis, pisi- 
form; ul, ulnare; 1-5, distal carpals; i— v, metacarpals. (b-e) By per- 
mission of The Royal Ontario Museum. 
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ichthyosaurs, and the number and arrangement of the 
carpals and phalanges has long been used to separate two 
taxonomic groups. In one group, termed the longipin- 
nates, there are three distal carpals and three primary 
digits; in the other group, the latipinnates, there are four 
distal carpals and four or more primary digits. McGowan 
(1972) extended these groups back into the Triassic and 
recognized Mixosaurns as a latipinnate and Cymbospon- 
dylus, Merriamia and Sbonisaurus as longipinnates. Ap- 
pleby (1979) demonstrated that several early Jurassic spe- 
cies exhibited an intermediate pattern and suggested that 
the divergence of these two patterns began only after the 
end of the Triassic. He suggested that all the Jurassic 
ichthyosaurs arose from a single lineage of Triassic lon- 
gipinnates rather than from the latipinnate Mixosaurus, 
which was thought to have such an ancestral position. 
The poorly known genus Merriamia might be the most 
closely related of the Upper Triassic genera. 

Detailed descriptions of the skull of early Jurassic 
ichthyosaurs have only recently been published. They are 
based on specimens that have been acid etched from nod- 
ules in which the original three-dimensional character of 
the bone is retained (Romer, 1968; McGowan, 1973) 
(Figure 12-31). It was long thought that the supratem- 
poral, a bone lost in many reptilian groups, formed the 
lateral margin of the temporal opening in Jurassic and 
Cretaceous genera and that the remainder of the cheek 
included both a squamosal and a large quadratojugal sep- 
arated by a posterior extension of the postorbital bone. 
More complete preparation demonstrates that the areas 
identified as squamosal and quadratojugal are parts of a 
single bone that is simply overlapped by the postorbital. 
If the single bone is identified as the quadratojugal, the 
more dorsal element bordering the temporal opening can 
be recognized as the squamosal. 

The occiput exhibits a common pattern in genera 
from the Upper Triassic through the Jurassic. The ele- 
ments are not well integrated with one another but were 
presumably united by cartilage. The pattern broadly re- 
sembles that of primitive amniotes with a large supraoc- 
cipital, but the exoccipitals are small and do not contrib- 
ute to the occipital condyle. The otic capsules are large 
and supported laterally against the squamosal like those 
in early archosaurs (see Figure 13-10). In the Jurassic 
genus Ichthyosaurus, the stapes is strikingly massive, un- 
like that of Mesozoic diapsids but resembling that of Car- 
boniferous amniotes. It abuts ventrolaterally against the 
quadrate. It certainly would not have contributed to an 
impedance-matching system but may have been effective 
in transmitting vibrations from the water to the inner ear. 
The quadrate extends fairly far dorsally but was not em- 
bayed posteriorly for support of a tympanum. 

The palate is specialized in the loss of the ectopter- 
ygoid and the transverse flange of the pterygoid. The bas- 
icranial articulation between the braincase and the palate 
is still retained in the early Jurassic genera, and the in- 
terpterygoid vacuities are open. 



Figure 12-31. SKULL OF JURASSIC ICHTHYOSAURS, {a, b, and c) 
Dorsal, palatal, and occipital views of Ichthyosaurus, about 50 centi- 
meters long, (d) Lateral view of Ophthalmosaurus, about 80 centimeters 
long. Abbreviations as in Figure 8-3. (a and b) From Sollas, 191 6. (c) 
From Romer, 1968. (d) From Andrews, 1910. 


The Upper Liassic (the lower division of the Jurassic) 
localities near Holzmaden in southern Germany provide 
the most striking record of ichthyosaur anatomy. In ad- 
dition to several hundred completely articulated skele- 
tons, many of the specimens show the outline of the body 
preserved as a carbonaceous film. These specimens dem- 
onstrate the configuration of the fleshy portion of the tail 
and a large, sharklike dorsal fin. Many specimens show 
the young in utero or in the process of emerging from the 
birth canal (Figure 12-32). 
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Figure 12-32. SKELETON OF A LIASSIC ICHTHYOSAUR IN THE PROCESS OF GIVING BIRTH. Photograph courtesy 
of Dr. R. Wild, State Museum, Stuttgart. 


Despite the diversity of ichthyosaurs in the Lower 
Jurassic, the group diminishes rapidly in the later Mes- 
ozoic. We know little of ichthyosaurs in the middle Ju- 
rassic. In the late Jurassic and early Cretaceous, one of the 
most common and widespread genera is Ophthalmosau- 
rus (see Figure 12-19), which is characterized by the enor- 
mous size of the orbits. The elements of the paddles are 
rounded rather than polygonal. The last ichthyosaur, Plcry- 
pterygius, is known from scattered remains throughout 
the world that cover a span of approximately 45 million 
years and extend to the base of the Upper Cretaceous. 

The last of the ichthyosaurs disappeared from the 
fossil record long before the late Mesozoic extinction of 
the mosasaurs and plesiosaurs. Despite their earlier ap- 
pearance, more rapid diversification, and higher degree 
of aquatic specialization, the ichthyosaurs appear to have 
failed in competition with the other marine reptiles and 
the advanced sharks that were becoming dominant in the 
late Mesozoic. 

Summary 

Aquatic adaptation has occurred among ma^ am- 

niotes lineages. Three major groups of aquatic rep- 
tiles are known in the Mesozoic, the sauropterygians, pla- 
codonts, and ichthyosaurs. 

The sauropterygians, which are typified by the no- 
thosaurs and plesiosaurs, probably originated among the 
primitive eosuchians. The Upper Permian genus C laudio- 
saurus is a primitive diapsid that combines features of 
terrestrial younginoids with those of primitive notho- 
saurs. It shows few aquatic adaptations, but the loss of 
the lower temporal bar and specializations of the palate 
are similar to those of later sauropterygians. Nothosaurs, 
which are known primarily from the Middle Triassic, are 


obligatorily aquatic but show relatively little skeletal spe- 
cialization for aquatic locomotion. Primitive nothosaurs 
probably swam like modern aquatic lizards and croco- 
diles, relying primarily on lateral undulation of the trunk 
and tail for propulsion. The limbs would have been held 
close to the body to reduce drag. 

Later nothosaurs evolved the ability to use the fore- 
limbs in a symmetrical fashion and reelaborated the ven- 
tral portion of the shoulder girdle for more effective pro- 
traction and retraction. Larger nothosaurs have a more 
rigid trunk region and probably relied less on lateral un- 
dulation of the trunk and tail for propulsion. 

Pistosaurus may represent a link between nothosaurs 
and plesiosaurs. The palate retains the primitive config- 
uration of the pterygoid that is common to plesiosaurs, 
but the postcranial skeleton, if correctly associated, is 
typical of nothosaurs. 

Plesiosaurs are advanced over nothosaurs in the greater 
relative size of the limbs, their greater specialization for 
aquatic propulsion, and the similarity of the pectoral and 
pelvic limbs. Like modern sea lions, plesiosaurs probably 
moved the pectoral fins primarily in the horizontal plane, 
with most of the force being delivered by their posterior 
movement. Nothosaurs are restricted to the Triassic, while 
both major groups of plesiosaurs, the Plesiosauroidea and 
Pliosauroidea, continued to the end of the Cretaceous. 

Placodonts have long been allied with the nothosaurs 
and plesiosaurs, but there is no strong evidence that they 
are closely related. Even the earliest placodonts from the 
Middle Triassic are highly specialized in the possession 
of blunt crushing teeth, the high degree of consolidation 
of the skull, and the structure of the vertebrae, which have 
long transverse processes and deeply amphicoelous cen- 
tra. Placodonts show little specialization for aquatic lo- 
comotion, but the limbs and girdles are poorly ossified. 
One lineage of placodonts evolved a carapace that resem- 
bles that of turtles in many features. Within this group,! 
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Henodus further resembles turtles in the presence of a 
horny beak instead of teeth and the absence of a dorsal 
temporal opening. 

Ichthyosaurs were the most highly specialized of all 
aquatic reptiles, with a body outline that resembles that 
of the fastest-swimming modern fish, the tunas. Several 
ichthyosaur genera have been described from the Lower 
Triassic, but they are already very highly specialized and 
provide little evidence of the origin of the group. 

Several distinct types of ichthyosaurs have been de- 
scribed from the Middle and Upper Triassic, but we have 
not established their specific interrelationships. Jurassic 
and Cretaceous ichthyosaurs appear to represent a new 
radiation from a single lineage of earlier forms. They are 
characterized by a high lunate tail, double-headed ribs 
throughout the vertebral column, more highly specialized 
paddles, and teeth set in an open groove rather than in 
separate sockets. 

The greatest diversity of the ichthyosaurs was in the 
Lower Jurassic. Specimens from Holzmaden in Southern 
Germany show the body outline, and many specimens 
have young in utero. The number and diversity of ichthy- 
osaurs declines in the later Jurassic, and only a single 
genus, Platypterygius continues to the base of the Upper 
Cretaceous. Ichthyosaurs became extinct long before the 
end of the Cretaceous. 

I 
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Primitive 

Archosauromorphs and 
Crocodiles 


Archosaurs are the most spectacular reptiles. They include 
dinosaurs, which dominated the terrestrial environment 
throughout the Mesozoic; crocodiles, which are the larg- 
est of modern reptiles; and pterosaurs, which matched 
the birds in their degree of skeletal specialization for flight. 
Birds themselves arose from archosaurs and would be 
included in this group if a strictly phylogenetic classifi- 
cation were being used. 

We include five orders in the Archosauria: the Cro- 
codylia; two orders of dinosaurs, the Saurischia and Or- 
nithischia; the Pterosauria; and an assemblage of primi- 
tive forms that are primarily restricted to the Triassic, the 
Thecodontia. Archosaurs almost certainly arose from a 
single ancestral stock that had diverged from other diapsid 
reptiles by the late Paleozoic (Figure 13-1). 

As a group, the archosaurs are characterized by a 
host of skeletal specializations, many of which are asso- 
ciated with a more upright posture and more effective 
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fore-and-aft movement of the limbs than is evident among 
the primitive diapsids and lepidosaurs. However, the most 
primitive archosaurs can be distinguished from other early 
diapsids only by a single, dearly definable skeletal char- 
acter, the presence of a large opening anterior to the eye, 
the antorbital fenestra (see Figures 1 3-2b and 13-10). 


Primitive 

ARCHOSAUROMORPHS 

Within the last five years paleontologists have rec- 
ognized that archosaurs probably shared a common 
ancestry with several other groups of early diapsids and 
may be included with them in a single larger assemblage, 
the Archosauromorpha (Benton, 1985). In addition to the 
archosaurs, we recognize three groups from the late Per- 
mian and Triassic as archosauromorphs: protorosaurs, 
rhynchosaurs, and trilophosaurids (Figure 13-2). 

Many skeletal features distinguish the early members 
of this assemblage from lepidosauromorphs and primitive 
diapsids. The premaxilla extends dorsally behind the nares, 
separating the maxilla from the border of this opening. 


The teeth are set in sockets (the thecodont condition) 
rather than in a shallow groove. All may have had an 
impedance-matching middle ear. In the earliest adequately 
known members of each group, the quadrate is high and 
in contact with the paroccipital process. It is emarginated 
posteriorly and may have supported a tympanum. All 
early rhynchosaurs, archosaurs, and protorosaurs had a 
long, narrow stapes that was directed at right angles to 
the cheek. 

The neck is elongate with seven or eight cervical ver- 
tebrae; throughout the column the centra lose their deeply 
amphicoelous nature. The humerus has lost the entepi- 
condylar foramen. In the carpus, the pisiform is typically 
absent and the other bones are slow to ossify. The kind 
of sternum that was described in lepidosauromorphs does 
not occur in archosauromorphs. 

The most important feature that unites the members 
of the archosauromorph assemblage is the structure of 
the tarsus and foot (Figure 13-3). In contrast with prim- 
itive diapsids, the astragalus and calcaneum articulate with 
one another via broad concave-convex articulating sur- 
faces that are proximal and distal to the perforating for- 
amen. The fifth distal tarsal is lost and the head of the 



Figure 13-2. SKELETONS OF PRIMITIVE ARCHOSAUROMORPH 
REPTILES, (a) Prolacerta, about 1 meter long. Modified from Gow, 
1975. ( b ) The primitive archosaur Euparkeria, about h meter long. Mod- 


ified from Ewer, 1965. ( c ) Trilopbosaurus, about 2 meters long. From 
Gregory, 1945. (d) The rhynchosaur Paradapedort, about li meters 
long. From Chatterjee, 1974. 
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Figure 13-3. TARSUS AND FOOT OF PRIMITIVE ARCHOSAURO- 
MORPHS. (a) Protorosaurus. Restoration based on illustrations in von 
Meyer, 1856. ( b ) The primitive archosaur Chasmatosaurus. Modified 
from Cruickshank, 1 972. (c) The early rhynchosaur Noteosuchus. From 
Carroll, 1976b. (d) Trilophosaurus. From Gregory, 1945. Abbreviations 
as follows: ast, astragalus; c, ccntrale; cal, calcaneum; 1-4 disral tarsals; 
v, fifth metatarsal. 

fifth metatarsal is bent medially, or “hooked,” so that it 
articulates with the lateral surface of the fourth distal 
tarsal. The other metatarsals and phalanges follow the 
pattern of primitive diapsids and lepidosauromorphs. The 
phalangeal count is 2, 3, 4, 5, 4, and the fourth digit is 
the longest. 

As in the lepidosauromorphs, the tarsus is consoli- 
dated and the hooked fifth metatarsal serves as a lever to 
ventroflex the foot (Brinkman, 1981), but these changes 
took place separately and at different rates in the two 
groups. A hooked fifth metatarsal does not appear among 
lepidosauromorphs until the Upper Triassic, but it ap- 
pears in the archosauromorphs by the late Permian. 

According to Brinkman (1979), the articulation be- 
tween the astragalus and calcaneum that distinguishes 


early archosauromorphs is necessary to maintain contact 
between the calcaneum and the distal tarsals when the 
limb is brought into a more upright position. 

Early archosauromorphs also differ from primitive 
diapsids in the lateral extension of the calcaneum beyOnd 
the articulating surfaces. This extension may have served 
as a pulley over which passed the tendon of the gastroc- 
nemeus, which was attached to the plantar surface of the 
fifth metatarsal. 

Among the earliest archosauromorphs, the structure 
of the remainder of the rear limb and pelvis does not 
differ significantly from that of primitive diapsids. 

We have not found any fossils that link primitive 
diapsids with the earliest of archosauromorphs. Except 
for the elaboration of the sternum, the younginoids, in- 
cluding Youngina and Thadeosaurus (which were dis- 
cussed in Chapter 11), may exemplify the skeletal pattern 
that was ancestral to the archosauromorphs. The long 
neck of Petrolacosaurus suggests an earlier initiation of 
the archosauromorph pattern, but this genus is otherwise 
too primitive for detailed comparison with the Upper Per- 
mian and early Triassic genera. 

Aside from the shared specializations of the rear limb 
and middle ear, the four archosauromorph lineages are 
quite distinct from one another when they first appear in 
the fossil record, and none are close to the pattern that 
would be expected in the ancestors of the other three. 

PROTOROSAURS (PROLACERTIFORMES) 

The earliest member of the archosauromorph assemblage 
to appear in the fossil record is Protorosaurus from the 
early part of the Upper Permian of Europe (Figure 13-4). 
Protorosaurus is characterized by its very long neck. As 
in Claudiosaurus and Petrolacosaurus, this length is 
achieved by both a posterior displacement of the shoulder 
girdle and an elongation of the individual vertebrae. The 
skull appears superficially like that of early lizards in the 
reduction of the lower temporal bar, but the configuration 
of the quadrate does not resemble that of Paliguana (the 
earliest of lizards) and it is supported by a ventral process 
of the squamosal that precludes streptostylic movement. 



Figure 13-4. PROTOROSAURUS, THE EARLIEST-KNOWN AR- 
CHOSAUROMORPH FROM THE UPPER PERMIAN OF EUROPE. 
1 to 2 meters long. Modified from Seeley, 1888. 
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Nearly identical proportions of the head and postcranial 
skeleton occur in the Lower Triassic genus Prolacerta 
from southern Africa, which Gow (1975) described com- 
prehensively. He was the first to recognize that the affin- 
ities of this group lie with the archosaurs rather than with 
lepidosaurs. 

Protorosaurs are represented in the Middle Triassic 
of Central Europe by one of the most bizarre of the early 
reptiles, Tanystropheus (Figure 13-5). The neck, which is 
already distinctive in Protorosaurus and Prolacerta, is ex- 
tended to more than twice the length of the trunk. The 
limbs are short and poorly ossified. Wild (1973) suggests 
that the adult life must have been spent in the water, for 
it is difficult to envisage how such a long neck could be 
supported on land. Interestingly, the teeth differ markedly 
between small and large individuals. In the young they 
are tricuspid, as in the most primitive mammals, whereas 
among the adults they are simple, sharp pegs. The last of 
the protorosaurs is Tanytrachelus from the late Triassic 
of eastern North America (Olsen, 1979). 


TRILOPHOSAURIDS 

Although some material from the early Triassic has been 
assigned to the Trilophosauridae, we know this family 
primarily from a single genus in the Upper Triassic of 
western North America. Gregory (1945) thoroughly de- 
scribed its skeleton (Figure 13-6). The dentition is unique 
among archosauromorph reptiles. The cheek teeth are 
transversely expanded and form sharp, shearing surfaces. 
Teeth are absent on the premaxilla and front of the lower 
jaw and were probably replaced by a horny beak. Unlike 
other primitive archosauromorphs, the cheek is solidly 
constructed, without a trace of temporal fenestration or 
ventral emargination. We may attribute the absence of a 
lateral temporal opening to the necessity to strengthen the 
skull in relationship to the massive dentition, but no fossils 
are known from the early Triassic that demonstrate the 
origin of this condition. The dorsal temporal openings are 
separated by a high, narrow parietal crest that demon- 
strates the high degree of elaboration of the adductor jaw 
musculature. The postcranial skeleton of Trilopbosanrus 


resembles that of primitive archosaurs, especially the shape 
of the ilium and the elongation of the transverse processes 
of the vertebrae (see Figure 13-2c). 


RHYNCHOSAURS 

Rhynchosaurs are the most common and widespread of 
the primitive archosauromorph groups. We find them 
throughout the Triassic, but they were most common in 
the middle and later parts of the period, with many fossils 
from Europe, South America, India, and East Africa. A 
few genera, which represent the oldest and youngest rec- 
ords of the group, occur in southern Africa and eastern 
North America. 

The common middle and late Triassic rhynchosaurs 
are characterized by a highly specialized dentition, with 
many rows of teeth in the maxilla and dentary. The eden- 
tulous premaxillary bones form a long, overhanging “beak.” 
The temporal arcade is greatly expanded to surround an 
extremely massive adductor musculature (Figure 13-7). 
Rhynchosaurs were almost certainly herbivorous, with 
heavy, short-limbed bodies that were roughly equivalent 
in size to a large pig. Fossils from the Lower, Middle, and 
Upper Triassic show a progressive achievement of cranial 
specialization, that Chatterjee (1974, 1980) and Benton 
(1983) recently described. 

We can document their early history from the genera 
Mesosucbus and Howesia from the Lower Triassic of 
southern Africa (Figure 13-8). In these genera, the skull 
is broadly similar to that of Youngina but differs in the 
medial position of the external nares and the overhanging 



Figure 13-5. THE PROTOROSAUR TANYSTROPHEUS FROM THE 
MIDDLE TRIASSIC OF CENTRAL EUROPE. Approximately 3 meters 
long, (a) Skeleton. ( b ) Skull of immature specimen showing tricuspid 
check teeth, (c) Skull of an adult with simple cheek teeth. Abbreviations 
as in Figure 8-3. From Wild, 1973. 
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Figure 13-6. SKULL OF TRILOPHOSAURUS. (a) Lateral, (b) occip- 
ital, (c) dorsal, and ( d ) palatal views. The toothless premaxilla and front 
of the dentary may have been covered with a horny beak. Many of the 
sutures are closed in mature individuals. Approximately 10 centimeters 
long. Abbreviations as in Figure 8-3. From Gregory, 1945. 


premaxilla, which in primitive species retains a few teeth. 
Mesosuchus is primitive in having a single row of marginal 
teeth. Unlike the eosuchians, these teeth are set in definite 
sockets. Teeth have been lost from the palatine bone and 
the transverse flange of the pterygoid. Howesia has de- 
veloped additional rows of marginal teeth in the upper 
and lower jaw (Malan, 1963). 

In later rhynchosaurs, the palatal surface of the max- 
illa is greatly widened and forms a broad tooth plate that 
is made up of many longitudinal rows of teeth and receives 
the toothed surface of the lower jaw in a longitudinal 
groove (Figure 13-9). These teeth are not regularly re- 
placed as in most reptiles, and the worn teeth do not drop 
out, as in most genera with thecodont dentition, but are 
held in place by secondary bone of attachment. Chatterjee 
(1974) terms this type of tooth implantation ankylothe- 
codont. Teeth are added posteriorly as the jaws grow. The 
upper and lower teeth wear against one another, and as 
they are worn flat, the bony surface itself occludes. 

Benton (1983) states that the late Triassic rhyncho- 
saur llyperodapedon lacked a tympanum, but the early 
Triassic genus Mesosuchus has a long slender lizardlike 
stapes. The delicacy of this structure may explain its ab- 
sence from the fossils of later genera. 

Throughout the history of the rhynchosaurs the skull 
broadens, the body becomes larger, and the rear limbs 



Figure 13-7. SKULL OF THE RHYNCHOSAUR PARADAPEDO N. (a) Dorsal, (b) palatal, (c) occipital, and (d) lateral 
views. Approximately 20 centimeters wide. Abbreviations as in Figure 8-3. From Chatterjee, 1974. 
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are brought more directly under the body to facilitate a 
fore-and-aft gait. The forelimbs retain a more sprawling 
posture. 

The tarsus of primitive rhynchosaurs is almost in- 
distinguishable from those of protorosaurs and archo- 
saurs, but the centrale takes on an increasingly important 
role and becomes attached to the astragalus and calca- 
neum in the proximal row. The astragalus and calcaneum 
lose their primitive articulating surfaces and become at- 
tached to one another. The tarsus is consolidated into a 
simple hinge joint as the limb becomes capable of fore- 
and-aft movement (Carroll, 1976b). 

In the Middle Triassic, rhynchosaurs were a major 
component of the fauna in South America and East Africa. 
According to Benton (1983), all of the adequately known 
Upper Triassic rhynchosaurs may be included in two or 
three closely related genera. Together, they have a cos- 
mopolitan distribution. Hyperodapedon occurs in Scot- 
land and India, Scaphonyx in South America, and a form 
that is close to both Scaphonyx and Hyperodapedon comes 
from East Africa. Locally, there were very large popula- 
tions of rhynchosaurs in the Norian (late Triassic), but 
no trace of the group survives into the Jurassic. Benton 
(1983) attributes the extinction of the group to the change 



Figure 13-8. SKULL OF THE LOWER TRIASSIC RHYNCHOSAUR 
MESOSUCHUS, ABOUT 5 CENTIMETERS LONG, (a) Dorsal and 
(. b ) lateral views. The median external naris is a hallmark of rhyncho- 
saurs. This primitive genus retains teeth in the prcmaxilla. Abbreviations 
as in Figure 8-3. Drawings based on Broom, 1913, and photographs of 
specimen. 




Figure 13-9. (a) Maxillary tooth plate of the rhynchosaur Paradapedon 

in ventral view showing groove for dentary and growth lines where teeth 
are added successively at the back of the jaw. (h) Maxillary tooth plate 
in dorsal view showing growth lines. From Chatterjee, 1 974. 

of vegetation near the end of the Triassic. Chatterjee (1980) 
suggests that they succumbed to predation from the the- 
codont archosaurs and dinosaurs that became dominant 
at the end of the Triassic. 

It was long thought that rhynchosaurs were closely 
related to modern sphenodontids on the basis of general 
similarities of the skull and dentition. The common pres- 
ence of primitive features such as the lower temporal bar 
only points to their common origin among early diapsids. 
Although the dentition appears to be vaguely similar, 
it is fundamentally different. Sphenodontids have only a 
single row of acrodont teeth in the maxilla, but rhyncho- 
saurs have multiple rows of teeth set in sockets. Sphen- 
odontids have a second row of teeth in the palatine, but 
this bone is edentulous in the rhynchosaurs. What appear 
to be long premaxillary teeth in rhynchosaurs are actually 
processes from the premaxillary bones. Sphenodontids 
have true premaxillary teeth. 

Thecodontia 

The protorosaurs, trilophosaurids, and rhynchosaurs 

are limited primarily to the Triassic. The archosaurs 
show their first major radiation in that period but con- 
tinue to expand throughout the Mesozoic. We include 
most Triassic archosaurs in a single order, the Theco- 
dontia, a name that is based on the fact that the teeth are 
set in sockets. (It should be noted that this character is 
common to other archosauromorphs and has evolved con- 
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vergently in mosasaurs among the lepidosaurs and among 
the mammal-like reptiles.) Thecodonts are unique among 
early archosauromorphs in having an antorbital fenestra, 
a character that unites them with later archosaurs. Ad- 
ditional characters that distinguish them from other ar- 
chosauromorph groups include the retention of a com- 
plete lower temporal bar, a relatively short neck, and a 
single row of conical teeth in the premaxilla as well as in 
the maxilla and dentary. 

Thecodonts were a dominant assemblage with a 
worldwide distribution throughout the Triassic. Their fos- 
sil record is extensive, and they have been the subject of 
intensive study by many authors. Nevertheless, the inter- 
relationships within the assemblage are subject to contin- 
uing debate. They have customarily been grouped in four 
suborders: (1) the Proterosuchia, a primitive stock that 
may include the ancestors of all other thecodonts; (2) the 
Pseudosuchia, an assemblage of progressive forms in- 
cluding the probable ancestors of the dinosaurs; and (3 
and 4) two specialized groups that were clearly distinct 
from the rest, the crocodilelike phytosaurs and the heavily 
armored Aetosauria, which were almost certainly herbiv- 
orous. 

Within the last 15 years it has become apparent that 
the animals termed pseudosuchians are a heterogenous 
group, some of which may be related to the crocodiles 
and others to the dinosaurs. Various relationships be- 
tween the proterosuchians and more advanced groups 
have been proposed (Romer, 1972b; Sill, 1974; Thulborn, 
1982; Chatterjee, 1982; Bonaparte, 1984). 

At least 10 families of thecodonts can be recognized. 
Although many well-preserved specimens are known, the 
fossil record is still very incomplete. A variety of poorly 
known forms may connect these families, but their inter- 
relationships have not been clearly demonstrated. Much 
needs to be learned before we can establish a consistent 
phylogeny. For this reason the various families will be 
considered separately. 


PROTEROSUCHIDAE 


The proterosuchid thecodonts are unquestionably the most 
primitive archosaurs. The oldest known forrrt is Archo- 
mrus, from the Upper Permian of Russia, but the first 
adequately known genus is Chasmatosaurus [Proterosu- 
chus] from the Lower Triassic of southern Africa and 
China, which Cruickshank (1972) recently reviewed. Pro- 
terosuchids also occur in India and possibly Australia. 
The skull is characteristic of archosaurs in the presence 
of a large antorbital opening that is surrounded by the 
maxilla, lacrimal, and jugal. Like the suborbital fenestra, 
this opening may have developed to lighten the skull and 
more effectively distribute mechanical forces, although it 
has also been suggested as accommodating a gland or 
permitting the expansion of the pterygoideus musculature 
(Walker, 1964) (Figure 13-10). 



Figure 13-10. SKULL OF THE PRIMITIVE ARCHOSAUR CHAS- 
MATOSAURUS [PROTEROSUCHUS] FROM THE LOWER TRIAS- 
SIC OF SOUTH AFRICA. ( a ) Dorsal, ( b ) palatal, (c) lateral, including 
lower jaw, and ( d ) occipital views. Approximately 15 centimeters long. 
Abbreviations as in Figure 8-3. From Cruickshank, 1972. 

The skull is characterized primarily by the possession 
of primitive features. The supratemporal and postparietal 
bones of early diapsids are retained, as is the pineal open- 
ing, and the pterygoid still bears teeth along a well-defined 
transverse flange. The marginal teeth are set in very shal- 
low sockets. 

As restored by Charig and Sues (1976), the body has 
a crocodiloid form. There are seven cervical vertebrae, 
but they are not greatly elongate. As in later archosaurs, 
the trunk vertebrae have long transverse processes. The 
shoulder girdle is clearly divided between the scapula and 
coracoid, in contrast with the unity in primitive diapsids 
and early lepidosauromorphs. These bones retain the 
primitive outline that we see in eosuchians. The humerus 
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is primitive in having very large articulating surfaces at 
right angles with one another. The carpus is poorly os- 
sified and appears to retain only two rows of elements, 
without a pisiform. Five digits are retained, but the phal- 
angeal count is not knowm. The pelvis retains the primitive 
configuration of early diapsids without a trace of thyroid 
fenestration. The tarsus and pes (see Figure 13-3) are 
nearly identical with those of primitive protorosaurs, 
rhynchosaurs, and Trilopbosaurus. 

Among the currently known forms, we can clearly 
differentiate the family Proterosuchidae from all other 
thecodonts based on its retention of many primitive char- 
acters. These features do not preclude members of the 
family from being ancestral to any or all of the later 



Figure 13-11. SKULL OF THE GRACILE THECODONT EUPAR- 
KERIA. ( a ) Dorsal, ( b ) palatal, (c) lateral, and (d) occipital views. About 
10 centimeters long. Abbreviations as in Figure 8-3. From Ewer, 19 65. 


(a) 



Figure 13-12. PECTORAL AND PELVIC GIRDLES OF PRIMITIVE 
ARCHOSAURS. ( a ) Pectoral girdle of Chasmatosaurus [ Proterosuchus j 
in lateral view. In genera], it resembles the shoulder girdle of eosuchians. 
The cleithrum is lost, but the clavicle and interclavicle remain large. The 
scapula and coracoid are not coossified in adults. From Cruicksbank , 
1972. (b) Ventral view of the shoulder girdle of the aetosaur Stagono- 
lepis. From Walker, 1961. (c) Lateral view of the shoulder girdle of the 
protosuchian crocodile Nothochampsa [ Orthosuchus ] from the Lower 
Jurassic. The coracoid is clearly distinct and elongated, as in modern 
crocodiles. From Nash, 1975. ( d ) Pelvis of the proterosuchian Chas- 
matosaurus. This genus retains the flat puboischiadic plate common to 
primitive diapsids. From Cruicksbank, 1972. (e) Pelvis of the phytosaur 
Parasuchus. A small thyroid fenestra has developed, but the pelvis re- 
mains primitive in the limited extension of the pubis and ischium. From 
Chatterjee, 1978. (f) Pelvis of Euparkeria. Both the pubis and ischium 
have become elongate. From Eiver, 1965. (g) Pelvis of the advanced 
“pseudosuchian” Ornithosucbus , in which the pubis and ischium ap- 
proach the condition in dinosaurs. From Walker, 1964. (h) Pelvis of the 
Upper Triassic crocodile Protosucbus. As in modern crocodiles, the 
pubis is largely excluded from the acetabulum. From Colbert and Mook, 
1951. 
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thecodonts, but they provide no basis for demonstrating 
specific relationships. 

The adequately known proterosuchid genera are also 
differentiated by at least one specialized character, the 
marked down-turning of the premaxilla, which may pre- 
clude their occupying an ancestral position. Their very 
large size and robust limbs are further specializations that 
preclude close affinities with most later thecodonts. 

All other thecodonts are advanced above the level of 
the proterosuchids in having a lateral mandibular fenestra 
in the lower jaw (Figure 13-11), in the loss of teeth from 
the transverse flange of the pterygoid, in the presence of 
dermal armor along the vertebral column, and in having 
at least some degree of specialization in the pelvis and 
rear limb (Figure 13-12). 

The head of the femur in proterosuchids is terminal, 
and the bone was probably directed almost horizontally 
from the acetabulum, as in primitive tetrapods. This char- 
acter is associated with the flattened, nearly horizontal 
puboischiadic plate, from which the major muscles that 
protracted and retracted the femur would have been ori- 
ented nearly horizontally. As the femur assumed a more 
vertical orientation in later thecodonts, the head became 
inclined medially toward the acetabulum and the pubis 
and ischium extend anteroventrally and posteroventrally 
to form a triradiate structure so that the associated muscle 
could exert a more effective force on the femur. 

Charig (1972) has used the terms sprawling, semi- 
improved, and fully improved to describe the orientation 
of the rear limb in archosaurs. Only the proterosuchids 
retain the sprawling condition. Most other thecodonts 
and crocodiles illustrate the semi-improved posture, and 
the dinosaurs and their descendants, the birds, typify the 
fully improved stance. 

As the limb is held more erect and comes to move in 
a more nearly parasagittal plane, the foot assumes a more 
symmetrical appearance with the third, rather than the 
fourth, digit becoming the longest. 

The numerous derived thecodont families show dif- 
ferent degrees of advancement and different structural 
details that are associated with attaining an upright pos- 
ture. Two more advanced families accompany the Pro- 
terosuchidae in the Lower Triassic, the Erythrosuchidae 
and the Euparkeriidae. N — 7 


ERYTHROS U CH ID AE 

Erythrosuchids were first described from deposits in 
southern Africa and have since been recognized in China, 
Western Russia, Europe, and possibly North and South 
America. Erythrosuchids were the largest terrestrial ver- 
tebrates in the Lower T riassic, with a skull that was almost 
1 meter long. They were heavy, quadrupedal animals that 
reached lengths of up to 5 meters. The glenoid appears 
to open more ventrally and the pelvis has initiated a tri- 


radiate structure that indicates that the limbs were held 
somewhat more vertically than in Cbasmatosaurus , al- 
though the head of the femur does not appear to be in- 
turned and the fourth digit of the pes is still the longest. 
The articulating surfaces of the limb bones and the carpals 
and tarsals are very poorly ossified, which has been at- 
tributed to semiaquatic adaptation. 


EUPARKERIA AND THE ANKLE JOINT 
OF THECODONTS 

Euparkeria, which occurs in a single locality in southern 
Africa, and three genera from China represent a further, 
very distinct lineage of early Triassic thecodonts. Eupar- 
keria differs significantly from both proterosuchids and 
erythrosuchids in body form (see Figure 13-2). It is little 
more than one-half meter in length, including a long tail. 
The limbs are slender and it is usually illustrated in a 
bipedal pose (Ewer, 1965). Euparkeria is characterized 
by the presence of a dorsal row of dermal ossicles that 
run along the vertebral column of the trunk and tail, as 
is the case in many later thecodonts. 

Although the body form is very different from that 
of Cbasmatosaurus, the skull shows a fundamentally sim- 
ilar pattern (Figure 13-11). However, it is advanced in 
some features, including the loss of the pineal opening 
and the row of teeth along the transverse flange of the 
pterygoid. The teeth are sharp, compressed blades with 
serrated edges. The rear limbs of Euparkeria are one and 
one-half times as long as the forelimbs, a ratio that ap- 
proaches that of some bipedal lizards, but the joint sur- 
faces and the configuration of the femur and tarsus are 
not specialized for bipedal locomotion. Like modern liz- 
ards such as Basiliscus and Crotaphytus, Euparkeria may 
have been facultatively bipedal. The trunk is somewhat 
shortened with only 22 presacral vertebrae; the tail is long 
and would have served as an effective counterbalance if 
the animal were supported by its rear limbs. 

Euparkeria probably did not evolve from any of the 
known proterosuchians. A single specimen, which Carroll 
(1976a) described from the Upper Permian of southern 
Africa, may indicate the earlier appearance of small-bod- 
ied thecodonts. Heleosaurus, like Euparkeria, has dermal 
armor along the vertebral column and a small number of 
serrated, bladelike teeth. Unlike contemporary eosuchi- 
ans, it lacks a sternum and has a relatively long neck. The 
nature of the girdles suggests that Heleosaurus had a 
sprawling posture, but the limbs are poorly known and 
its affinities with the archosaurs cannot be firmly dem- 
onstrated. If Heleosaurus is a primitive thecodont, we 
must consider the absence of armor in proterosuchids to 
be a specialization. 

Possibly because of the small size of the body, the 
tarsus of Euparkeria is not highly ossified but shows a 
pattern that may be interpreted as being intermediate be- 



tween that of primitive archosaurs on one hand and both 
advanced thecodonts and dinosaurs on the other (Figure 
13-13e). 

In proterosuchids and erythrosuchids, the ankle joint 
passes between the proximal and distal tarsals to form a 
mesotarsal joint. Dinosaurs also have a mesotarsal joint, 
although the configuration of the individual elements is 
greatly altered and the proximal bones are integrated with 
the tibia and fibula. 

Most thecodonts other than the proterosuchids and 
erythrosuchids evolve a new hinge joint between the as- 
tragalus and calcaneum; the astragalus becomes more 
closely associated with the tibia and fibula, and the cal- 
caneum underlies the astragalus and is associated with 
the foot. This pattern is also shared by the modern croc- 
odiles and is termed a crocodiloid tarsus. Because the 
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ankle joint is made up of one bone of the crus (the fibula) 
as well as the tarsus it is also termed a crurotarsal joint 
(Figure 13-13/', k). 

Among crocodiles as well as ornithosuchid and raui- 
suchid thecodonts, the tuber of the calcaneum extends di- 
rectly posteriorly and serves as a lever to ventroflex the 
foot. The fifth metatarsal is reduced and loses its primitive 
role as the primary lever to flex the foot. In other the- 
codonts, including the generally more primitive aetosaurs 
and phytosaurs, the crurotarsal joint is developed but the 
fifth metatarsal remains large and may have shared the 
role of flexing the foot with the calcaneal tuber. 

As Krebs (1963a) and Thulborn (1982) emphasized, 
a well-developed crurotarsal joint probably precludes the 
elaboration of a mesotarsal joint such as is characteristic 
of dinosaurs, which eliminates most thecodonts from the 



Figure 13-13. HIND LIMBS OF THECODONTS. (*--£> Efemora, all 
in ventral view, (a) The proterosuchian Cbasmatosaurus [Proterosu- 
chus ]. The shaft is straight, with the head terminal. These features, 
together with the retention of an intertrochanteric fossa and the ventral 
adductor crest, are characteristic of the primitive captorhinomorphs and 
early eosuchian reptiles. From Cruickshank, 1972. ( b ) The phytosaur 
Parasuchus. This genus illustrates a pattern that is common to more 
advanced thecodonts and crocodiles. The proximal head is offset from 
the shaft, the shaft is sigmoidal, and the intertrochanteric fossa and 
ventral ridge system are lost. From Chatterjee , 1978. (c) The advanced 
“pseudosuchian” Riojasuchus. The shaft is nearly straight, but the head 
is strongly angled medially, as is that of the human femur, to support 
the limb in a nearly vertical posture. From Bonaparte, 1971. (d-k) 
Tarsals and pes. id) Tarsus of the proterosuchian Cbasmatosaurus [Pro- 
terosucbus ], which retains a primitive tarsal joint, with no clearly defined 
line of flexure. From Carroll, 1976b. (e) Euparkeria, in which the distal 
tarsals are reduced. Mobility is possible between the astragalus and 
calcaneum, but the main hinge was probably distal to these bones. 



Original , based on specimens from the South African Museum and the 
Museum of Zoology, Cambridge University, if) The phytosaur Para- 
suchus, in which the heel of the calcaneum is directed obliquely pos- 
teriorly. The hooked fifth metatarsal serves as the primary level to ven- 
troflex the foot. From Chatterjee, 1 978. (g) The rauisuchid Ticinosuchus. 
The heel of the calcaneum is directed posteriorly, and the tarsal joint 
passes between the astragalus and the calcaneum as in crocodiles. From 
Krebs, 1963b. (h) The Lower Jurassic crocodile Nothochampsa [Or- 
nithosuchus). The astragalus functions as an extension of the crus, and 
the calcaneum is strongly integrated with the foot. From Nash, 197S. 
(<) Lagosuchus, a thecodont that may be closely related to the ancestry 
of dinosaurs. The calcaneum is reduced and lacks a heel. The major 
joint passes between the proximal and distal tarsals (a mesotarsal joint), 
The closest comparison is with Euparkeria. From Bonaparte, 1978. (/) 
Diagram of the crocodile-normal joint, in which a peg on the astragalus 
fits into a socket in the calcaneum. (k) The crocodile-reverse tarsus, in 
which a process on the calcaneum fits into a socket in the astragalus. 
Abbreviations as in Figure 13-3. 
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role of possible dinosaur ancestors. E uparkeria is excep- 
tional in retaining a mesotarsal joint while developing a 
more symmetrical foot with a long third digit. 

Most thecodonts are middle and late Triassic in age, 
during which time they made up a large portion of the 
reptilian fauna. They are especially well known in South 
America (Bonaparte, 1971, 1978; Romer, 1972b). 

PROTEROCHAMPSIDAE 

Many genera from the Middle and early Upper Triassic 
of South America appear to occupy a relatively primitive 
position among the thecodonts, although they are ad- 
vanced above the level of Chasmatosaurus and Erythro- 
sucbus. Cerritosaurus, Cbanaresucbus, Gualosuchus, and 
Proterochampsa are grouped together in the family Pro- 
terochampsidae, which is characterized by having a rel- 
atively broad but low skull with small upper temporal 
openings that are visible primarily in dorsal view. Sill 
(1967) suggests that they are related to crocodiles, while 
Walker (1968) relates them to phytosaurs and others pro- 
pose that they are part of the primitive proterosuchian 
radiation (Romer, 1972b; Bonaparte, 1982). None of these 
relationships are adequately substantiated. Chanaresu- 
cbus is specialized in the reduction of the fifth digit to a 
small remnant. The tarsus remains poorly known. The 
pelvis is very primitive in the platelike pubis and ischium. 

PHYTOSAURS (PARASUCHIA) 

Phytosaurs were abundant in the Upper Triassic of Eu- 
rope, India, and North America. They resemble modern 
crocodiles in their body form and probable way of life, 
but the external nares are situated far back on the long 
snout (Figure 13-14). The openings are typically elevated 
above the surrounding bones so that they could protrude 
from the water when the remainder of the head was sub- 
merged. The palate is arched behind the internal nares, 
and a soft secondary palate probably separated the air 
passage from the mouth. The long snout may be corre- 
lated with feeding in the water, as in modem-crocodiles 
such as the gavial. Their carnivorous habits are clearly 
demonstrated in specimens that Chatterjee (1978) de- 
scribed, in which a variety of other reptiles are found 
among the stomach contents. 


The lateral wall of the braincase is formed by a large 
laterosphenoid (or pleurosphenoid) anterior to the prootic 
(Figure 13-14). This bone is also present in aetosaurs and 
crocodiles and may be characteristic of all archosaurs, 
although it has not been described in ornithosuchids or 
rauisuchids. It is definitely not ossified in Euparkeria, but 
it is present in Erythrosuchus (Cruickshank, 1970). 

The limb proportions resemble those of crocodiles, 
although their detailed anatomy is much more primitive. 
The pubis and ischium are still platelike. The astragalus 
and calcaneum have a crocodilianlike relationship, but 
the fifth metatarsal is hooked and the tuber of the cal- 
caneum still faces laterally rather than posteriorly, which 
indicates the retention of the primitive leverage system. 
The trunk and tail were covered by an extensive dermal 
armor. 

The six or seven recognized genera are very similar 
to one another in these and other skeletal features. The 
skull is clearly divergent from all other thecodont groups, 
but the postcranial skeleton suggests that phytosaurs 
evolved from a very primitive level that is comparable 
with the known Lower Triassic thecodonts. Surprisingly, 
there is no definite evidence of phytosaurs below the Up- 
per Triassic. A single skull of a clearly phytosaurian pat- 
tern, Mesorhinosuchus, has been described as coming from 
the Lower Triassic, but there is continuing controversy 
over its actual age (Gregory, 1 962; Westphal, 1976; Chat- 
terjee, 1978). The specimen is now lost. 

The phytosaurs were widely distributed in the north- 
ern continents and are represented by several specimens 
from Madagascar, but there is no record in Africa south 
of the Sahara or in South America or Australia. 


AETOSAURS 

Most thecodonts were clearly carnivorous with large, 
piercing teeth. The only exceptions are the aetosaurs, a 
distinct group that is known only from the Upper Triassic. 
They have small, leaf-shaped teeth, which suggests a her- 
bivorous diet. Teeth were missing from the front of the 
snout and the lower jaw (Figure 13-15). Aetosaurs are 
limited to Europe ( Aetosaurus and Stagonolepis ), North 
America ( Typothorax , Stegomus, and Desmatosuchus), 
and South America ( Aetosauroides , Argentinosuchus, and 
Neoaetosauroides ). 


Laterosphenoid 




Figure 13-14. (a) Skeleton of the phytosaur Parasucbus, 3 meters long, (b) Braincase of Parasucbus, showing the ossified 

laterosphenoid. Abbreviations as in Figure 8-3. From Chatterjee, 1978. 
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Figure 13-15. SKULL OF THE AETOSAUR STAGONOLEPIS. (a) 
Dorsal, (b) palatal, (c) lateral, and (d) occipital views. Approximately 
25 centimeters long. Aetosaurs are the only group of herbivorous the- 
codonts. Abbreviations as in Figure 8-3. From Walker, 1961. 

The head is small relative to the body, especially in 
the larger North American genera. The lower jaw has a 
shape that is strikingly similar to that of a lady’s slipper 
and has a particularly large lateral fenestra. 

The pelvis appears advanced in the great ventral pro- 
jection of the pubis. The hands and feet resemble those 
of phytosaurs in the retention of primitive features. Ae- 
tosaurs have a crocodiloid tarsus with a particularly large 
calcaneal tuber (Walker, 1961). The body was extremely 
heavily armored, with large quadrangular plates along the 
back that extended down the sides, surrounded the tail, 
and covered the abdomen (Figure 13-16). 

No fossils link aetosaurs with other thecodont, groups. 
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RAUISUCHIDAE 

The rauisuchids are the largest of the Middle and Upper 
Triassic thecodonts, reaching up to 6 meters long. Their 
footprints and skeletal evidence show that they were un- 
questionably quadrupedal. One of the most completely 
known forms, and also one of the oldest genera, is Ticin- 
osuchus (Krebs, 1963b) from the early middle Triassic 
of Switzerland (Figure 13-17). The group is best repre- 
sented in the Middle and Upper Triassic of South America 
but is also known from East Africa and North America. 

The ankle and foot have advanced to the pattern that 
we find in modern crocodiles. The tuber of the calcaneum 
is oriented posteriorly to form a lever to which the tendon 
of the gastrocnemius was probably attached. The fifth 
metatarsal and, indeed, the entire fifth digit are reduced 
and probably have lost their role as a lever. The use of 
the calcaneal tuber as the primary lever may have trans- 
mitted the force to the foot more symmetrically as the 
limb was drawn into a more vertical orientation. 

The pubis and ischium are extended obliquely an- 
teriorly and posteriorly and a third pair of sacral ribs is 
incorporated in later members of the family. 

Bonaparte (1984) discussed the function of the rear 
limbs in rauisuchids, which evidently attained a vertical 
posture independently of the lineage that led to dinosaurs. 
The femur retains a primitive configuration with an only 
slightly inturned head, but the acetabulum is reoriented, 
with the iliac portion extending laterally and nearly hor- 
izontally over the end of the femur (Figure 13-18). Thus, 
the weight of the body is supported directly by the vertical 
shaft of the limb. 

The rauisuchids’ armor consists of two rows of small 
plates that extend along the trunk with a single row above 
and below the tail. The individual pieces are linked by a 
narrow anterior process that fits into a groove beneath 
the preceding plate. 

Both Sill (1974) and Bonaparte (1984) suggest that 
rauisuchids are closely related to the erythrosuchids, and 
Bonaparte places them in the same infraorder. Unfortu- 



Figure 13-16. SKELETON OE THE AETOSAUR STAGONOLEPIS. ( a ) With and ( b ) without armor. Approximately 3 
meters long. Front Walker, 1961. 
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Figure 13-17. THE TRIASSIC RAUISUCHID THECODONT T1CINOSUCHUS. About 3 meters long. From Krebs, 1963b. 



nately, possible intermediate forms from the uppermost 
Lower Triassic and lowermost Middle Triassic are incom- 
pletely known, and the adequately known genera are quite 
distinct in their level of evolution. The only specific de- 
rived feature that has been cited as uniting these forms is 
the presence of an accessory antorbital fenestra or slitlike 
opening between the premaxilla and maxilla in some gen- 
era of both groups. Direct comparison between rauisuch- 
ids and erythrosuchids is complicated by the specializa- 
tions of the well-known erythrosuchids that occurred in 
relationship to their great bulk and probably semiaquatic 
habits. 

In a recent description of the late Triassic rauisuchoid 
P ostosucbus, Chatterjee (1985) suggests that this genus 
might be close to the ancestry of the tyrannosaurid di- 
nosaurs of the Cretaceous. The structure of the hind limb 
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Figure 13-18. COMPARATIVE VIEWS OF THE PELVIS AND REAR 
UMBS OF A RAUISUCHID AND A LAGOSUCHID. (a) The iliac 
surface of the acetabulum of the rauisuchid Saurosuchus is nearly hor- 
iiontal, and the articulating surface of the femur is nearly terminal, (b) 
fa Lagerpeton, the acetabulum is more nearly vertical and the head of 
Ac femur is intumed, as in primitive dinosaurs. From Bonaparte, 1 984. 


is much more primitive than that of any dinosaur and the 
hip and ankle joints both appear to be specialized in a 
different direction from the pattern of the dinosaur orders. 

ORNITHOSUCHIDAE 

The concept of the pseudosuchians as lightly built, bipedal 
ancestors of the dinosaurs is based primarily on members 
of the family Ornithosuchidae, of which Ornithosuchus 
from the Upper Triassic of Scotland is the best-known 
genus (Walker, 1964). Riojasuchus and Venaticosuchus 
are found in beds of roughly comparable age in South 
America. Saltoposuchus, which has been illustrated as a 
typical pseudosuchian, is now allied with the primitive 
crocodiles that are discussed in the following section. 

Ornithosuchus (Figures 13-19 and 13-20) was a rel- 
atively large animal, with adult specimens reaching 4 me- 
ters in length. The forelimb is about two-thirds the length 
of the rear. Although Ornithosuchus is frequently illus- 
trated in a bipedal pose, it may have walked in a quad- 
rupedal manner. The skull is large relative to the trunk, 
and the teeth are large, laterally compressed blades. 

Walker included Ornithosuchus among the carno- 
saurian dinosaurs because of the similarity of the skull to 
genera such as Tyrannosaurus, but the pelvic girdle and 
rear limb are far more primitive. The acetabulum is only 
slightly open, although the pubis extends far ventrally. 
The femoral head is not sharply inturned, and the fourth 
trochanter is poorly developed. The tarsal joint is cru- 
rotarsal rather than mesotarsal, and the calcaneum retains 
a prominent heel. 

There are three pairs of sacral ribs. The dermal armor 
consists of a paired row of scutes along the trunk and a 
single row above the tail as in rauisuchids, but they lack 
a peg-and-socket articulation. 

The closest affinities of the ornithosuchids are thought 
to lie among the euparkeriids. 

LAGOSUCHID AE 

The lagosuchids from the Middle Triassic of South Amer- 
ica provide the strongest evidence of the link between 
thecodonts and dinosaurs. We know only two genera, 
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Figure 13-19. SKULL OF ORNITHOSUCFIUS, AN ADVANCED 
CARNIVOROUS THECODONT, (a) Dorsal, (b) palatal, (c) lateral, 
and (d) occipital views. Approximately 25 centimeters long. Abbrevi- 
ations as in Figure 8-3. From Walker, 1964. 


Lagosuchus, for which most of the skeleton is described, 
and Lagerpeton, of which only the rear limb is known. 
Lagosuchus is about 3 meter in length with extremely 
long, slender limbs (Figure 13-21). The posterior limb is 
much longer than the anterior, and the tibia is longer than 
the femur. The relatively short length of the pubis and 
ischium in Lagerpeton is a primitive feature, but those of 
Lagosuchus are elongate. In both genera, the tarsus ap- 
proaches that of dinosaurs in having a mesotarsal hinge 
between the astragalus and calcaneum proximally and the 
distal tarsals and metatarsals distally. The proximal tar- 
sals are not yet closely integrated with the tibia and fibula. 
As in Euparkeria, the astragalus is considerably larger 
than the calcaneum and overlaps it slightly on the medial 
surface. The fifth metatarsal is not hooked. 

The Lagosuchidae represent the most dinosaurlike of 
the known thecodonts. Their possible relationship with 
that group will be discussed in the next chapter, following 
consideration of a second major group of thecodont de- 
rivatives, the crocodiles. 

CLASSIFICATION OF THECODONTS 


patterns among Middle and Upper Triassic thecodonts. 
In one, a process on the lateral surface of the astragalus 
fits into a recess on the medial surface of the calcaneum. 
This pattern is also recognized in the modern crocodile 
and is referred to as the crocodile-normal pattern. In the 
other pattern, the process is on the calcaneum and the 
recess is in the astragalus. This is referred to as the croc- 
odile-reverse pattern. Crocodiles, phytosaurs, aetosaurs, 
and rauisuchids all have the crocodile-normal pattern and 
might share a common ancestry. Lagosuchids, ornithos- 
uchids, and Euparkeria are all said to have the crocodile- 
reverse pattern. The tarsals in Euparkeria are not strongly 
ossified, and their configuration is not unequivically re- 
lated to either pattern (see Figure 13-13/', k). 

Although it may be true that neither pattern, when 
fully developed, is likely to have given rise to the other, 
both might have evolved separately in more than one 
lineage from a pattern like that exhibited by Euparkeria. 
The tarsals of erythrosuchids are too poorly ossified to 
support any particular affinities on this basis. 

The characters by which each of the thecodont fam- 
ilies are distinguished are far more obvious than those 
that support relationship between any of them. 


Several authors have recently attempted to establish re- 



Figure 13-20. SKELETON OF ORNITHOSUCHUS. About 4 meters long. From Walker, 1964. 
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Figure 13-21. LAGOSUCHUS, A SMALL, LIGHTLY BUILT THECODONT FROM THE MIDDLE TRIASSIC OF SOUTH 
AMERICA. The structure of the rear limbs is similar to that of primitive dinosaurs. About 30 centimeters long. From Bonaparte, 
1978. 


Crocodylia 

Crocodiles are the only surviving archosaurs. The 

history of this assemblage can be traced back into 
the Middle Triassic. Their fossil record is exceedingly rich 
and provides the potential for investigating many evolu- 
tionary problems. Crocodiles have undergone at least three 
major episodes of adaptive radiation that are the basis of 
a succession of suborders. We place the modern croco- 
diles, which have been known since the Upper Cretaceous, 
in the Eusuchia. We group an assemblage of mainly Jur- 
assic and early Cretaceous genera as the Mesosuchia. The 
most primitive forms that are yet unquestionably croco- 
diles are placed in the suborder Protosuchia, which spans 
the late Triassic and earliest Jurassic. 

It has long been thought that crocodiles arose from 
among the thecodonts, but their specific relationship with 
that group has not been established. It is now recognized 
that several genera that were previously classified as pseu- 
dosuchians share derived features with early crocodiles 
and should logically be included with that assemblage. 
These forms are placed in a distinct suborder, the 
Sphenosuchia. 

SKELETAL ANATOMY OF CROCODILES 

Since the late Triassic, crocodiles have been characterized 
by very consistent skeletal features. Iordansky (1973) and 
Langston (1973) provide useful reviews of the cranial 
anatomy. Although some structural details have changed 
over the last 180 to 200 million years, basic crocodilian 
features were established in the late Triassic and early 
Jurassic protosuchians. 

The skull is massive and strongly buttressed through- 
out, in contrast with the fenestrate appearance of most 
thecodonts. The antorbital fenestrae are never large and 
are closed in all modern forms. The dorsal temporal open- 
ings are usually (but not always) small, and the config- 
uration of the lateral openings is greatly altered by the 


anterior extension of the quadrate. The long snout is rein- 
forced ventrally by a variably developed secondary palate 
that is more extensive in advanced crocodiles than in 
mammals. The presence of a secondary palate is custom- 
arily associated with separation of the nasal passages from 
the mouth, which may be especially important in aquatic 
forms. Langston argues that medial extensions of the pre- 
maxilla, maxilla, and palatine serve a primarily structural 
role to help support the elongate, flattened snout. 

The occiput appears as a continuous plate of bone 
with no more than tiny posttemporal fossae. The pre- 
frontals extend ventrally on either side of the midline to 
buttress the palate. Posteriorly, the palate and braincase 
are very strongly integrated so that there is not a trace of 
kinetism. The extremely well-reinforced skull appears to 
be specialized to resist forces generated by a very strong 
and rapid bite. 

The function of the jaw muscles of modern species, 
as Schumacher (1973) described, may be applied to most 
fossil crocodiles that have a fundamentally similar skull 
shape. The largest of the muscles are the anterior and 
posterior pterygoideus. The fibers of these muscles are 
close to horizontal, and their force is greatest when the 
jaws are widely open. The anterior pterygoideus extends 
far anteriorly above the palate so that the long fibers can 
exert a strong constricting force over a wide range of jaw 
angles. The posterior pterygoideus wraps around the back 
of the jaw and attaches to the very long retroarticular 
process, which results in rapid jaw closure. The adductor 
fossa is angled posteriorly so that the adductor mandi- 
bulae posterior is also directed posteriorly rather than 
more nearly vertically as in thecodonts. Only the adductor 
mandibulae externus and pseudotemoporalis are verti- 
cally oriented. The resolved force of all the jaw muscles 
is obliquely anterodorsal. This force is resisted by the great 
hypertrophy of the quadrate in the same direction. 

The quadrate has an extremely complex relationship 
with the other bones at the back of the skull. The primary 
head has contact with the prootic and laterosphenoid of 
the lateral braincase wall and the undersurface of the 
squamosal anterior to the opisthotic. The quadrate sec- 
ondarily contacts the squamosal and opisthotic behind 
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the middle ear cavity and the pterygoid and basisphenoid 
anteriorly and ventrally. 

The proportions of the skull and the orientation of 
the quadrate in even the late Triassic ancestors of the 
modern crocodile genera suggest a feeding strategy that 
is distinct from other archosaurs and may explain their 
survival as contemporaries of the dinosaurs throughout 
the Mesozoic long after the extinction of the more di- 
nosaurlike thecodonts. All the muscles insert near the back 
of the jaw to give a wide gape and rapid closure of the 
long jaws. Together with the massive jaw musculature, 
this arrangement implies that the late Triassic ancestors 
of the modern crocodile fed on large, powerful prey. 

The complex pneumatization of nearly ail of the skull 
bones is another highly distinctive character of crocodiles. 
There are two major systems of pneumatic ducts; one is 
elaborated from the eustachian tubes and the second is 
associated with the nasal passages (Iordansky, 1973). 

The ducts associated with the eustachian tube de- 
velop ontogenetically by expansion of the diverticula of 
the middle ear cavity. Three passages open into the phar- 
ynx at the base of the basioccipital — the median and paired 
lateral eustachian ducts. All extend to the middle ear cav- 
ities and connect with sinuses in the supraoccipital, prootic, 
laterosphenoid, quadrate, and even into the articular bone 
of the lower jaw. Ducts that lead from the nasal passages 
ramify within the premaxilla, the maxilla, the palatine, 
and the pterygoid. 

In his review of hearing in reptiles, Wever (1978) 
provides no explanation for the complexity of the pneu- 
matic system in crocodiles. Crocodiles’ ears do show a 
much greater sensitivity to airborne sounds than do those 
of other reptiles, and they compare well with those of 
birds and mammals. 

Other characters that distinguish the skull of croc- 
odiles from more primitive archosaurs include the low 
and flat skull table and the loss of the postfrontal, post- 
parietal, and epipterygoid bones. The frontals and usually 
the parietals are fused at the midline. 

Except for some marine genera, all crocodiles have 
24 presacral vertebrae, 2 sacrals, and a tail with 30 to 40 
segments. In modern crocodiles, the first 9 vertebrae are 
designated as cervicals since their ribs do not reach the 
sternum. The ribs associated with the atlas and axis are 
simple rods with slightly expanded heads. The next 6 have 
widely separated heads. The dorsal head is attached to 
the diapophysis at the end of the transverse process and 
the capitular head attaches to the parapophysis low on 
the centrum. Between them, they encircle the cervical ar- 
tery. The bladelike shaft of the rib lies parallel to the 
vertebral column. The pointed anterior end lies beneath 
the posterior part of the preceding rib. This same pattern 
is evident in late Triassic and early Jurassic crocodiles. 
Protosuchus, from the Lower Jurassic, differs only in hav- 
ing a longer shaft on the eighth vertebra, which is inter- 
mediate in configuration between the other cervicals and 
the anterior trunk ribs. 


In genera from the Triassic to the Recent, the dia- 
pophysis gradually rises starting with the eighth vertebra 
and reaches the level of the zygapophysis by about the 
eleventh or twelfth vertebra. The parapophysis rises as 
well and by the twelfth vertebra becomes associated with 
the base of the transverse process, where it occupies a 
position considerably medial to that of the parapophysis 
in the anterior vertebrae but becomes progressively more 
lateral in position posteriorly. The heads may become 
confluent at the end of the trunk. 

The ribs of the most posterior trunk vertebrae be- 
come progressively shorter, and the more posterior are 
missing or fused to the transverse process. Only the last 
presacral is modified in Protosuchus. The last three trunk 
ribs are missing in gavials, and the last four or five are 
missing in crocodiles and alligators. 

Among the thecodonts, there is little specialization 
of the pectoral girdle and forelimb. The dermal girdle 
remains primitive, with large clavicles and interclavicles. 
The scapula is high and relatively slim, and the coracoid 
is a small oval plate. The carpus is poorly known and 
apparently slow to ossify. 

Among the early crocodiles, the clavicles are lost and 
the interclavicle is reduced to a longitudinal rod. There is 
no evidence of a sternum in thecodonts, but modern croc- 
odiles have a complex cartilaginous structure that inte- 
grates the ends of the ribs, the base of the coracoids, and 
the interclavicle. The posteromedial portion of the struc- 
ture is calcified in primitive crocodiles and resembles an 
extension of the interclavicle. 

The coracoids extend posteriorly and ventrally. They 
tend to be elongate and somewhat resemble the coracoids 
of nothosaurs, but they are separated at the midline by 
the sternum. In modern crocodiles, the coracoids are ap- 
proximately as long as the scapulae and are similarly shaped. 

The changes in the shoulder girdle in crocodiles sug- 
gest that the forelimbs were more important in supporting 
the body than they were in the advanced thecodont groups, 
Which may have been facultatively bipedal. The ventral 
and posterior extension of the coracoid would have pro- 
vided a more effective angle for the muscles that retract 
the limb and lift the body. The loss of the clavicles in 
crocodiles, as in cursorial mammals, allows the glenoid 
to move anteriorly and posteriorly, which extends the 
length of the stride. 

As in advanced thecodonts, the humerus has a dis- 
tinct deltoid crest; the ulna and radius are long and slen- 
der. The carpus is significantly altered in the elongation 
of the ulnare and radiale and the retention or reelabor- 
ation of the pisiform, a bone that is only rarely preserved 
in other archosaurs. There are one or two distal carpals. 
The manus is not significantly different from that of ad- 
vanced thecodonts. 

The pelvic girdle and hind limbs of crocodiles are 
not substantially modified from the level of Middle Trias- 
sic thecodonts. The two sacral vertebrae are never fused i 
to form a solid sacrum, and the blade of the ilium is not 
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greatly expanded above the acetabulum. The acetabulum 
is perforate in some early forms but not in the modern 
genera. The most distinctive feature is the exclusion of 
the pubis from the acetabulum in all genera since the 
beginning of the Jurassic. The pubes remain large elements 
that extend forward and meet in a horizontally expanded 
plate. The ischium in modern crocodiles extends almost 
directly ventrally. 

The femur has the gently sigmoidal shape of primitive 
thecodonts, with only a moderate inturning of the head 
and little development of trochanters. The tibia supports 
most of the weight of the body, and the fibula is slender. 
Both the tibia and fibula are supported primarily by the 
astragalus. The underlying calcaneum forms a stout lever 
to ventroflex the foot. In contrast with most thecodonts, 
the fifth digit is reduced to a splint of the metatarsal. This 
bone articulates with the fourth distal tarsal but lacks the 
distinct hooking of the head that is typical of the primitive 
thecodonts. 

Long slender gastralia are retained behind the exten- 
sive sternal area. Most crocodiles have two rows of dermal 
plates that extend the length of the vertebral column dor- 
sally, and some have dermal plates ventrally between the 
girdles as well. 

With minor exceptions, this description holds not 
only for all genera of living crocodiles but for nearly all 
of the fossil groups back to the end of the Triassic. Like 
the lungfish, most of the skeletal specializations occurred 
in the earliest stages of crocodilian evolution, and the last 
200 million years have seen only minor variations on a 
basic theme. 

All modern crocodiles are amphibious, a pattern that 
has been characteristic of many members of the group 
since the early Jurassic. In contrast, the protosuchian croc- 
odiles and the sphenosuchids had very long slim limbs 
and were almost certainly agile, terrestrial forms. A strik- 
ing feature of crocodile evolution is that most of the spe- 
cialized features that we associate with the modern aquatic 
genera were evolved in the late Triassic in a highly ter- 
restrial assemblage. 
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SPHENOSUCHIA 

The basic crocodilian pattern is well established in the 
Lower Jurassic protosuchians. The Upper Triassic genera 
that belong to the suborder Sphenosuchia are more prim- 
itive but still recognizably crocodilian. Gracilisuchus from 
the Middle Triassic of South America is the earliest genus 
that we may include within this group (Figure 13-22). 
Gracilisuchus was originally classified among the Orni- 
thosuchidae (Romer, 1972a; Bonaparte, 1975). Brinkman 
(1981) pointed out that it differed from all members of 
that family in the configuration of the tarsus and the cheek 
region. He suggested that it might be related to Spheno- 
suchus and other members of the Sphenosuchia. 

Gracilisuchus resembles the pattern of moderately 
advanced thecodonts in most skeletal features. The tarsus 
is crocodilian, with the lateral surface of the astragalus 
overriding the calcaneum. The fifth digit is reduced, and 
the proximal end of the fifth metatarsal does not retain 
a primitive “hooked” configuration. The pelvis has a long 
pubis that does not appear to contribute to the aceta- 
bulum. However, the coracoid is short. Unfortunately, 
the carpus and manus are not known. As in most the- 
codonts, the antorbital fenestra is large and surrounded 
by a broad depression. 

The configuration of the cheek region strongly sup- 
ports crocodilian affinities. The dorsal end of the quadrate 
is angled forward and is overhung by a broad rim of the 
squamosal. Unlike typical thecodonts, the squamosal does 
not extend ventrally along the quadrate. The parietals are 
fused posteriorly, and there is no pineal foramen. The 
pterygoids meet at the midline at the back of the palate. 
Romer assumed that they were fused to the braincase, 
but this fusion cannot be demonstrated in the available 
material. The front of the palate is not known, so there 
is no evidence of the formation of a secondary palate. 

Dermal armor extends along the entire length of the 
vertebral column. There are roughly two units per seg- 
ment. The elements of the two rows interdigitate at the 
midline. The cervical ribs show a striking resemblance to 



Figure 13-22. GRACILISUCHUS, WHICH WAS ORIGINALLY DE- 
SCRIBED AS A THECODONT, BUT NOW IS RECOGNIZED AS A 
PRIMITIVE SPHENOSUCHID CROCODILE. The carpus and manus 
are not known but have been restored according to the pattern of the- 
codonts rather than crocodiles. Approximately 30 centimeters long. From 
Romer, 1972a. 
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Figure 13-23. SKULL OF THE PRIMITIVE CROCODILE SPHEN- 
OSUCHUS FROM THE LOWER JURASSIC OF SOUTHERN AF- 
RICA. ( a ) Lateral and (b) palatal views. Abbreviations as in Figure 8- 
3. From Walker, 1972. Redrawn from Nature. Copyright © 1972; 
Macmillan journals. Ltd. 


those of modern crocodiles, with two clearly separated 
heads and a short, posteriorly directed shaft that is ov- 
erlapped anteriorly by the next preceding element. There 
are seven cervical vertebrae and a further one that bears 
ribs of intermediate character. 

Despite some crocodilian features of the skull, most 
skeletal characteristics link Gracilisuchus with the the- 
codonts. However, it cannot be placed in any of the rec- 
ognized thecodont families. The absence of a jugular pro- 
cess anterior to the orbit is a more primitive condition 
than that described in ornithosuchids, rauisuchids, or even 
the Lower Triassic genus Euparkeria. Gracilisuchus may 
represent a separate lineage that has evolved from near 
the base of the thecodont stock, above the level of pro- 
terosuchids and distinct from erythrosuchids, aetosaurs, 
or phytosaurs. 

Most previously recognized members of the Spheno- 
suchia are from the Upper Triassic, including Saltopo- 


suchus and Terrestrisuchus from Europe (Crush, 1984), 
Pseudhesperosuchus from South America (Bonaparte, 
1971), and Hesperosuchus from North America (Colbert, 
1952). Sphenosuchus is from the Lower Jurassic of south- 
ern Africa (Walker, 1968). 

The skull of Sphenosuchus (Figure 13-23) shows a 
clearly crocodiloid appearance, with a low profile and 
elongate snout. The quadrate and quadratojugal slant for- 
ward, and the antorbital fenestra is reduced. The skull is 
akinetic, and the prefrontal extends ventrally to brace the 
palate. The parietals are united posteriorly, but the pos- 
torbital and postfrontal remain distinct. Crocodiloid 
pneumatization of the occipital area is initiated, and the 
cochlea of the inner ear is already long. As in later croc- 
odiles, the laterosphenoid forms the lateral wall of the 
braincase anterior to the prootic. 

The skull is more primitive than in later crocodiles 
in the absence of connections between the quadrate and 
the lateral wall of the braincase. The quadrate reaches the 
prootic anterior to the opisthotic. The upper temporal 
openings are long. The palate appears open as in theco- 
donts, although the internal nares are posterior, and 
the maxillae form a short secondary palate that is anterior 
to them. | 

The postcranial skeleton approaches the level of later 
crocodiles in the length of the coracoid, but the clavicle 
is retained. The long, anteriorly directed pubis contributes 
little to the acetabulum, which is perforate in the related 
genus Terrestrisuchus. As in modern genera, the carpus 
is elongate. 

The sphenosuchids are clearly crocodiles but more 
primitive than the long-accepted members of this group. 
They appear divergent from the crocodilian habitus in 
their extremely light skeleton and presumably cursorial 
habits, .especially in the genus Terrestrisuchus (Figure 13- 
24), blit these features may be primitive ones that were 
inherited from the thecodonts. 

PROTOSUCHIA 

The Protosuchia retain long limbs and probably were ba- 
sically terrestrial in habit, but they resemble modern croc- 



Figure 13-24. TERRESTRISUCHUS, AN EXTREMELY GRACILE SHPENOSUCHID CROCODILE FROM THE UPPER 
TRIASSIC OF EUROPE. Approximately f meter long. From Crush, 1984. 
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Figure 13-25. PROTOSUCHUS, A LOWER JURASSIC PROTOSUCHID CROCODILE. Approximately 1 meter long. 

From Colbert and Mook, 1951. Skull after Crompton and Smith, 1980. 

odiles more closely than sphenosuchids in their general fifth metatarsal is reduced to a splint, the coracoid is 

appearance and configuration of the skull (Figures 13-25 elongate although not quite to the extent of modern croc- 

and 13-26). The upper temporal opening and antorbital odiles, and the pubis is excluded from the acetabulum, 
fenestra are much reduced. The parietals are fused along The protosuchids had a worldwide distribution with 

the entire midline, and the postorbital and postfrontal genera from South America ( Hemiprotosuchus ) (Bona- 

form a single ossification. Like the sphenosuchids, a ca- parte, 1971), southern Africa ( Notochampsa [Orthosu- 

ninelike tooth in the lower jaw fits into a recess between chus Erythrochampsa ] and Pedeticosaurus) (Nash, 1975), 

the premaxilla and maxilla. North America (Stegomosuchus and Protosuchus) (Col- 

The palate is more platelike than that of sphenosu- bert and Mook, 1951) and from China ( Dianosuchus ). 

chians, and the palatine bone forms part of the secondary Based on the available fossil record, the protosuchi- 

palate. In Protosuchus (Crompton and Smith, 1980), the ans appear as a clearly distinct assemblage that was prob- 

pterygoids are flat and solidly fused along the midline, ably more terrestrial than modern crocodiles but less spe- 

but in Notochampsa [ Orthosuchus ] (Nash, 1975), they cialized for cursorial locomotion than the sphenosuchids. 

are grooved, which suggests that the nasal passages ex- It was long thought that the protosuchians were all 

tended between them to the level of the throat and were Upper Triassic, which separated them clearly in time from 

covered by a fleshy secondary palate. The quadrate is the mesosuchians that appear in the upper portion of the 

strongly integrated with the lateral wall of the braincase. Lower Jurassic. We now recognize that all the proto- 

In Eopneumatosuchus (Crompton and Smith, 1980), we suchids except Hemiprotosuchus come from Lower Jur- 

see an essentially modern pattern of pneumatic ducts. assic deposits (Olsen, McCune, and Thomson, 1982). Pro- 
Postcranially, there is little that separates protosuch- tosuchids are from older deposits than are the mesosuchians 

ids from modern crocodiles except for the vertebrae, which but, more importantly, these groups are distinguished by 

are shallowly amphicoelous throughout the column. The marked habitat differences. 
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Figure 13-26. Skull of the Lower Jurassic Protosuchid crocodile Nothochampsa [Orthosuchus], 10 centimeters long. 
{a) Dorsal, (b) palatal, and (c) occipital views. From Nash, 1975. (d) Forelimb of the primitive archosauromorph Trilopho- 
saurus. From Gregory, 1945. (e) Forelimb of Nothochampsa. From Nash, 1975. Abbreviations as in Figure 8-3, plus: c, 
centrale; i, intermedium; pis, pisiform; ra, radiale; ul, ulnare; 1—4, distal carpals. 
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All the protosuchians come from deposits that clearly 
indicate a terrestrial environment and are closely associ- 
ated with the remains of dinosaurs. The earliest meso- 
suchians come from clearly marine deposits and are ac- 
companied by ichthyosaurs and plesiosaurs. All are 
specialized for aquatic locomotion and feeding. 

MESOSUCHIAN CROCODILES 

Mesosuchians constitute the largest assemblage of croc- 
odiles, including approximately 70 genera that occupy an 
intermediate position between protosuchians and eusu- 
chians. They are advanced over the protosuchians in the 
posterior extension of the palatine bones that form the 
anterior margin of the internal nares at a point wel I behind 
the end of the tooth row. In contrast, the pterygoids form 
the anterior margin of the choana in eusuchians. The 
centra are still slightly amphicoelous in most mesosuchi- 
ans, in contrast with the procoelous configuration of the 
eusuchians. Changing depositional environments 
throughout the Mesozoic result in an incomplete fossil 
record that makes it difficult to establish relationships 
among the approximately 16 recognized mesosuchian 
families (Buffetaut, 1982). 

The transition between the primarily terrestrial pro- 
tosuchians and the specialized marine mesosuchians may 
not have occurred before the late Liassic. Lower and upper 
Liassic deposits in Great Britain, Germany, and France 
record a similar fauna of ichthyosaurs and plesiosaurs. 
Crocodiles are almost unknown in the lower Liassic but 
are abundant and diverse in the upper Liassic. 

AQUATIC MESOSUCHIANS 

Four families of mesosuchians were predominantly or ob- 
ligatorily aquatic. Two related families appear in the Up- 
per Liassic, the Teleosauridae and the Metriorhynchidae. 


The teleosaurs are characterized by short forelimbs, which 
were only half the length of the hind limbs. This reduction 
corresponds with the limb reduction seen in various groups 
of aquatic reptiles that were discussed in Chapter 12. 
However, the elements of the limbs and girdles are only 
slightly altered from those of terrestrial crocodiles. The 
snout is greatly elongated, as in modern gavials, probably 
in relationship to feeding in the water. The teleosaurs 
retain a continuous covering of heavy armor. 

The metriorhynchids, which continue into the Cre- 
taceous, are the most specialized of all crocodiles and the 
only archosaurs that became highly adapted to life in the 
water. They are known primarily from Europe, with some 
representatives in North and South America. The fore- 
limbs are transformed into paddles and, as in the ichthy- 
osaurs, the vertebral column is bent ventrally to support 
a large caudal fin (Figure 13-27). The neck is one or two 
segments shorter than in modern crocodiles, and the total 
number of presacral vertebrae is increased to 26. Dermal 
armor is lost within the group. In teleosaurs and metrior- 
hynchids, the upper temporal openings are much larger 
than in semiaquatic and terrestrial genera. Wide temporal 
openings may be associated with long jaw muscles and a 
very wide gape. The early metriorhynchid Pelagosaurus, 
which retains some dermal armor and has only a slightly 
downturned tail, provides a possible link between me- 
triorhynchids and teleosaurs. 

Other aquatic mesosuchians apparently had a sepa- 
rate-origin. The pholidosaurids extend from the Upper 
Jurassic into the Upper Cretaceous. They have the long 
snout that is associated with aquatic feeding and the an- 
terior end is bent sharply downward, but the upper tem- 
poral openings are somewhat smaller than in teleosaurs 
and metriorhynchids. 

Dyrosaurids are known from the Upper Cretaceous 
into the Eocene. Elongation of the snout apparently de- 
veloped separately within this group rather than as an 
inheritance from other aquatic forms. They are known 
primarily from north and west Africa, Saudi Arabia, and 



Figure 13-27. MARINE MESOSUCHIAN CROCODILES, (a) Teleo- 
saurus from the Lower Jurassic. Modified from Owen, 1849-1884. 


( b ) Metriorhynchus from the Upper Jurassic. From Steel, 1 973. 

(c) Geosaurus, from the Lower Jurassic. Modified from Fraas, 1 902. 
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eastern Asia, which corresponds with the margins of the 
Mesozoic Tethys Sea. The genus Hyposaurus also occurs 
in North and South America. 


SEMIAQUATIC AND TERRESTRIAL 
MESOSUCHIANS 

The Goniopholidae from the Upper Jurassic into the Up- 
per Cretaceous and the Atoposauridae from the Upper 
Jurassic and Lower Cretaceous, have a worldwide distri- 
bution and closely approach the skeletal anatomy of mod- 
ern crocodiles. The skull broadly resembles the pattern of 
conservative crocodiles living today, without the elongate 
snout that characterizes the specialized aquatic forms. Al- 
though they continue later in time, the goniopholids re- 
tained amphicoelous vertebrae and the palate is primitive. 
Among the atoposaurids, Theriosuchus has somewhat 
procoelous vertebrae and the pterygoids form the lateral, 
but not yet the anterior, margin of the choana. This genus 
may provide a link with the eusuchians. 

Two other families occupy an isolated position among 
the mesosuchians, the Baurusuchidae (Upper Cretaceous 
to Eocene) and the Sebecidae (Paleocene to Miocene) (Fig- 
ure 13-28). They occur primarily in South America, with 
possible European and North African relatives. Most known 
remains are of the skull, which has a high narrow snout, 
in contrast with most other crocodiles. The teeth are long, 
laterally compressed, serrate blades, a shape designated 
as ziphodont. Sebecid teeth so closely resemble those of 
carnivorous dinosaurs that they were once used as evi- 
dence that dinosaurs had lingered into the Tertiary in 
South America. Similarly shaped teeth are also present in 
Pristichampsus, an early Tertiary eusuchian crocodile. 

Based on their dentition, paleontologists think that 
sebecids were active terrestrial predators, perhaps occu- 
pying the position in the early Tertiary of South America 
that was filled by large carnivorous mammals in other 



Figure 13-28. SKULL OF THE CROCODILE SEBECUS. From the 
Eocene of South America. Lateral view. From Colbert, 1946. Abbre- 
viations as in Figure 8-3. 
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parts of the world (Langston, 1965). In the absence of 
adequate postcranial evidence, this hypothesis remains 
speculative. 

Buffetaut (1982) discusses several other, less-well- 
known families of uncertain taxonomic position in a re- 
view of all the mesosuchian groups. 


EUSUCHIANS 

The modern crocodilians appear to represent the culmi- 
nation of a lineage of semiaquatic forms that were com- 
mon since at least the late Jurassic. We can distinguish 
the eusuchians from the mesosuchians by technical fea- 
tures of the palate and vertebrae. The internal nares are 
completely surrounded by the pterygoids, and the centra 
of all the vertebrae, except the atlas, the second sacral, 
and the first caudal, are procoelous, like those of advanced 
lizards and snakes. 

Aside from some poorly known and rather special- 
ized forms from the Lower Cretaceous (the Hylaeochamp- 
sidae), modern crocodiles first occur in the Upper Cre- 
taceous, and we can place nearly all of the genera in the 
living families Alligatoridae, Crocodylidae, and Gaviali- 
dae. 

We know gavials from the Eocene; the modern genus 
Gavialis is already present in the Miocene. Alligators ap- 
pear in the Upper Cretaceous and the genera Alligator 
and Caiman both occur in the Oligocene. Melanosuchus 
and Paleosuchus appear in the Pliocene. The Crocodylidae 
also appear in the Upper Cretaceous; Crocodyltts in the 
Paleocene, Tomistoma from the Eocene. Osteolaemus, the 
African dwarf crocodile, is the only living crocodilian 
genus without a fossil record. 

Crocodiles that are essentially similar to modern gen- 
era were contemporaries of the dinosaurs in the late Mes- 
ozoic. They appear to show no effects of the general ex- 
tinction that overtook so many other reptiles at the end 
of the Cretaceous. The eusuchians were much more nu- 
merous, diverse, and widespread in the early Tertiary than 
they are today. Their decline probably resulted from cli- 
matic deterioration since the early Cenozoic. 

Summary 

Archosaurs include the living crocodiles, dinosaurs, 

pterosaurs, and a primitive assemblage from the 
Triassic, the thecodonts. Archosaurs may share a common 
ancestry in the late Paleozoic with rhynchosaurs, proto- 
rosaurs, and trilophosaurs. Together, these groups con- 
stitute the Archosauromorpha. They share a similar spe- 
cialization of the ankle that facilitates a more upright 
posture. 
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PRIMITIVE ARCHOSAUROMORPHS AND CROCODILES 


Protorosaurs first occur in the Upper Permian and 
continue into the Lower Jurassic. They are characterized 
by the loss of the lower temporal bar and a long neck. In 
Tanystropbeus, the neck is considerably longer than the 
trunk. The trilophosaurs are known primarily from a sin- 
gle late Triassic genus in which the cheek teeth are trans- 
versely expanded to form a wide, shearing surface. The 
cheek is not fenestrate. 

Rhynchosaurs are the most common and widespread 
of primitive archosauromorphs. Middle and Upper Trias- 
sic genera are characterized by a broadly expanded skull, 
multiple tooth rows, and an overhanging toothless pre- 
maxilla. Rhynchosaurs were a common herbivorous group 
throughout the Triassic. 

Primitive archosaurs, which are distinguished by the 
presence of an antorbital fenestra, are placed in the order 
Thecodontia, which includes four groups of Triassic rep- 
tiles, the Proterosuchia, Pseudosuchia, Phytosauria, and 
Aetosauria. Proterosuchians were large, very primitive 
carnivores. Pseudosuchians include more advanced forms, 
some of which were bipedal and may be close to the 
ancestry of dinosaurs. Phytosaurs were crocodilelike forms 
that were restricted to the Upper Triassic, and aetosaurs 
were heavily armored, quadrupedal herbivores. The in- 
terrelationships of these groups remain in dispute. 

The proterosuchid Chasmatosaurus, from the Lower 
Triassic has very primitive girdles and limbs, which in- 
dicate a sprawling posture that was not very advanced 
above the primitive diapsids. Other thecodonts show 
changes in the pelvis, femur, and tarsus that enable the 
rear limbs to be held more erect and move in a fore-and- 
aft direction. The small, possibly facultatively bipedal ge- 
nus Euparkeria represents the initiation of a more ad- 
vanced tarsal structure within the Lower Triassic. 

Most thecodonts have a crurotarsal or crocodiloid 
tarsus in which the main joint is between the astragalus 
and the calcaneum and the calcaneal tuber forms the main 
lever for ventroflexion of the foot. The pattern is initiated 
in proterochampsids, phytosaurs, and aetosaurs and is 
fully developed in the pseudosuchians. The lagosuchids, 
which have a mesotarsal joint, may be close to the ancestry 
of dinosaurs. 

Crocodiles are conservative descendants of the early 
thecodont radiation. Most skeletal features that charac- 
terize modern genera were established by the late Triassic. 
The ancestry of crocodiles can be found among the sphen- 
osuchids of the Middle and Upper Triassic, which have 
been classified among the ornithosuchid thecodonts. What 
is known of the postcranial skeleton is typical of advanced 
thecodonts, but the quadrate and cheek region have the 
characteristics of primitive crocodiles. 

Sphenosuchids and Protosuchids from the Upper 
Triassic and Lower Jurassic were small, agile terrestrial 
animals. The mainly Jurassic mesosuchians and modern 
eusuchians include many semiaquatic and some fully ma- 
rine derivatives. The modern crocodilian families are known 
from the Upper Cretaceous. 
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The Anatomy and 
Relationships of 
Dinosaurs 


For 150 million years, from the Late Triassic to the end 
of the Cretaceous, dinosaurs dominated the terrestrial en- 
vironment (Figure 14-1). They were unquestionably the 
most successful of all reptiles and rivaled the Cenozoic 
mammals in their structural diversity and wide distribu- 
tion. Dinosaurs included the largest terrestrial animals 
that have ever lived, as well as species that may have 
equaled many mammals in their high metabolic rate and 
relative brain size. 

Dinosaurs first appear in the fossil record at the end 
of the Middle Triassic in South America (Bonaparte, 1982). 
Several lineages are evident by the end of the Triassic, all 
of which share a number of advanced features that were 
not present in most thecodonts. The most important ad- 
vances are associated with posture and locomotion. 


Figure 14-1. STRATIGRAPHIC RANGES OF THE FAMILIES OF DINOSAURS AND PTEROSAURS. 
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THE ANATOMY AND RELATIONSHIPS OF DINOSAURS 


The posture and 

ANCESTRY OF DINOSAURS 

All thecodont groups above the level of proterosu- 

chians tend to bring the limbs under the body and 
to move them in a more strictly fore-and-aft direction, 
without the large degree of lateral extension that is evident 
in primitive tetrapods. However, most retain vestiges of 
a sprawding posture in the structure of the hip and ankle 
joints. In the earliest members of all dinosaur groups, 
these joints show specialization that resulted in a nearly 
vertical posture. 

The head of the femur is angled anteromedial ly so 
that it articulates with the dorsal margin of the aceta- 
bulum. This margin is strongly buttressed to accommo- 
date the entire weight of the body. The central portion 
of the acetabulum is not ossified but appears fenestrated 
in the fossils. In contrast with thecodonts, it no longer 
needs to resist the medially directed force generated by 
the femur, which was angled toward the midline (Figure 
14-2). 

The shaft of the femur is straight or bowed slightly 
anteriorly, in contrast with the gently sigmoidal config-v_ 
uration of thecodonts and crocodiles. Just distal to the 
head are two tuberosities, the greater and lesser trochan- 
ters, that serve for insertion of the iliofemoralis internus 
and the iliofemoralis externus muscles. Further distally, 
on the posterior surface, is the fourth trochanter, which 
serves as the area of insertion for the major retractor of 
-the femur, the caudifemoralis. The head of the tibia is 
twisted to produce a nearly vertical orientation of the 
shaft with respect to both its proximal and distal artic- 
ulating surfaces. 

A mesotarsal ankle joint is established, with the line 
of flexion passing transversely between the proximal and 
distal tarsals. The astragalus and calcaneum are reduced 
to relatively simple elements that are closely integrated 
with the ends of the tibia and fibula. The metatarsals are 
elongate and function as an additional unit of the lower 
limb. The digits form the main surface that contacts with 
the ground. The posture in dinosaurs may hence be con- 
sidered to be digitigrade. 

These changes result in a nearly vertical limb, as viewed 
anteriorly, with both the ankle and knee functioning pri- 
marily as hinge joints. Structurally and functionally, the 
closest modern homologue is provided by birds. 

Among the thecodonts, the greatest similarity can be 
found among the Lagosuchidae, in which the rear limb 
achieved many features that are common to the earliest 
dinosaurs (see Figure 13-21). Lagosuchns is more spe- 
cialized than early dinosaurs in the greater relative length 
of the metatarsals, but this is a character that might have 
been reversed in descendants with a larger body size. An 
animal that was very similar to Lagosuchus may have 
given rise to all the dinosaur groups. However, Lagosu- 


chus is more primitive than any dinosaurs in the small 
degree of fenestration of the acetabulum. We do not know 
the skull well enough to make a detailed comparison with 
the major dinosaur groups. The exact phylogenetic po- 
sition of this genus cannot yet be established. 

The upright posture of the limbs in dinosaurs has 
long been confused with the question of their bipedality. 
A clear distinction between these features was made by 
Charig (1972). Among the thecodonts, the ornithosuchids 
and rauisuchids brought the rear limbs close to a vertical 
orientation. It was once thought that they were habitually 
bipedal, but information from footprints as well as skel- 
etal anatomy indicates that they were primarily quadru- 
pedal. Lagosuchus may also have been facultatively, rather 
than habitually, bipedal. 

Many Triassic and early Jurassic dinosaurs show strong 
skeletal evidence for bipedality in the very great disparity 
in the length and structure of the forelimbs and hind limbs 
(see Figures 14-6 and 14-26). On the other hand, some 
early dinosaurs that approached the Jurassic sauropods 
in their great body size were almost certainly quadrupedal, 
although their rear limbs were also longer than the front 
limbs (see Figure 14-19). Romer (1956, 1966) argued that 
this limb disparity reflects a reversion to a quadrupedal 
y stance from a primitive bipedal condition. If this were the 



Figure 14-2. ANTERIOR VIEW OF THE REAR LIMBS OF THE 
DINOSAUR TYRANNOSAURUS. Note the vertical posture and the 
transverse knee and ankle joints that are characteristic of both sauris- 
chians and ornithischians. Modified from Osborn, 1916. 
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Figure 14-3. THE CONFIGURATION OF THE PELVIS, THE PRI- 
MARY CRITERION FOR DISTINGUISHING THE ORDERS SAUR- 
ISCHIA AND ORNITHISCHIA. The saurischian pelvis, exemplified by 
(a) Staurikosaurus is similar to that of thecodonts such as (ft) L agosuchus 
in which the elongate pubis and ischium together with the ilium form 
a triradiate structure. The pelvis of ornithischians, as exemplified by the 
early genus (c) Heterodontosaurus is advanced in having the pubis ori- 
ented posteriorly, alongside the ischium. In some advanced ornithis- 
chians (see Figure 14-28), a new structure, the prepubis, has developed 
anterior to the pubis. This results in a tetraradiate configuration. ( a ) 
From Galton, 1977. (b) From Bonaparte, 1978. ( c ) From Santa Luca, 
1980. 

case, it would provide further evidence that all dinosaurs 
shared a close common ancestry above the level of the 
thecodonts. Unfortunately, the fossil record does not dem- 
onstrate unequivocally that the early quadrupedal dino- 
saurs descended from fully bipedal ancestors. The early 
dinosaurs may have diverged from a primitive stock that 
was facultatively, but not habitually, bipedal. The clear 
distinction between these patterns of locomotion may have 
evolved after the occurence of the changes in the structure 
of the rear limb and girdle by which we recognize dino- 
saurs and after the initial divergence of the major dinosaur 
lineages. 

Dinosaurs have long been divided into two major 
groups, the ornithischians and the saurischians, primarily 
on the basis of the structure of the pelvis (Figure 14-3). 
The configuration of the pelvis and most other features 
that distinguish early saurischians are primitive, as dem- 
onstrated by their similarity with those of thecodonts. In 
contrast, the ornithischian pattern of the pelvis and many 
features of the skull are clearly derived relative to those 
of the saurischians. Ornithischians may have evolved from 
primitive saurischians, but there is no fossil evidence to 
support the long-held assumption (which Charig reiter- 
ated in 1976) that saurischians and ornithischians had 
separate origins from distinct groups of thecodonts. No 
thecodonts other than the lagosuchids share significant 
derived features with either of the two major groups of 
early dinosaurs. 


Saurischians 

The ornithischians are a diverse assemblage and their 
interrelationships are not fully known, but they un- 
questionably have a common ancestry, established on the 
basis of a host of shared derived characters. We cannot 
state with equal assurance that the several groups of saur- 
ischians share a unique common ancestry since the fea- 
tures they share are primarily primitive. Two major groups 
have long been recognized, the carnivorous and obliga- 
torily bipedal theropods and the typically quadrupedal 
and herbivorous sauropods. The theropods have been fur- 
ther separated into carnosaurs and coelurosaurs, primar- 
ily on the basis of size. Typical sauropods are only known 
from the Jurassic and Cretaceous. In the late Triassic and 
early Jurassic, a distinctive group of more primitive her- 
bivorous saurischians are common. These are termed the 
plateosaurs or prosauropods; their relationships with other 
dinosaurs are subject to continuing speculation. 

Unfortunately, the late Triassic record of dinosaurs 
remains very incomplete; the few fossils that we know 
share a number of primitive features, but the nature of 
their relationships with later forms is difficult to establish. 


Theropods 


PRIMITIVE TRIASSIC CARNIVORES 

The only dinosaur that we recognize from the Middle 
Triassic is Staurikosaurus (Figure 14-4) from southern 
Brazil. It is missing the skull, the forelimbs, and the tarsus 
and foot, but the lower jaw, vertebrae, pelvis, and rear 
limb are comparable to those of later saurischian dino- 
saurs. The lower jaw is as long as the femur, with sharp 
piercing teeth. The trunk vertebrae are short and the rear 
limb is fully erect. Galton (1977) suggests that the posture 
may have been fully bipedal. The tibia is longer than the 
femur, as is common in cursorial animals, and the limb 
bones are hollow. Together with the size of the jaw, these 
characters suggest that Staurikosaurus was an active pred- 
ator. As restored, the skeleton is slightly more than 2 
meters long. 

A possibly related genus from the Upper Triassic is 
Herrerasaurus, which was about 4 meters in length. The 
ankle and foot are typical of primitive dinosaurs in the 
integration of the astragalus and calcaneum with the tibia 
and fibula, the reduction of the distal tarsals, and the 
elongation of the metatarsals (Figure 14-5). The fifth digit 
is reduced and the weight is supported evenly on the other 
four digits. 

The large size of the skull and the expansion of the 
distal end of the pubes into a vertical plate are features 
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Figure 14-4. RESTORATION OF STAURIKOSAURUS. This is the earliest-known dinosaur from the late 
Middle Triassic of South America. Total length is 2.1 meters. From Galton, 197 7. 


that are shared with the large carnivorous dinosaurs of 
the Jurassic and Cretaceous. However, these features also 
evolved independently in large carnivorous thecodonts. 

Because these Triassic genera are so incompletely 
known and primitive, we cannot ally them with certainty 
with later dinosaur groups. What we know of their anat- 
omy and general habitus suggests that they may be related 
to the large carnivorous dinosaurs of the Jurassic and 
Cretaceous. 


(a) Ilium (b) 



Figure 14-5. (a) Pelvis, ( b and c) rear limb, and Id) foot of Herrera- 

saurus, a carnivorous dinosaur from the Upper Triassic of South Amer- 
ica. From Galton, 1977. 


“COELUROSAURS” AND “CARNOSAURS” 

Late Triassic, Jurassic and Cretaceous carnivorous di- 
nosaurs have customarily been divided into two infraor- 
ders, the Carnosauria and the Coelurosauria, that are 
based primarily on differences in size and proportions. 
The term carnosaur has been applied to the largest car- 
nivorous dinosaurs, which are further characterized by 
the disproportionately large skull and relatively short 
forelimbs. Most genera that have been recognized as coe- 
lurosaurs are smaller, with a skull that is typically smaller 
relative to the length of the trunk and relatively larger 
forelimbs. 

Genera that have been described within the past 15 
years show a combination of features that were previously 
thought to distinguish these two groups. Deinocheirus 
and Therizinosaurus from the Cretaceous of Mongolia 
are still incompletely known but demonstrate the exis- 
tence of very large theropods with extremely long fore- 
limbs (Osmolska and Ronicwicz, 1970; Barsbold, 1976). 
Nearly complete skeletons of Dilophosaurus (Welles, 1984) 
and Deinonychus (Ostrom, 1969) combine a nearly equal 
number of “carnosaur” and “coclurosaur” traits. Use of 
these two infraorders to classify the theropods has become 
difficult to justify. Unfortunately, we have not been able 
to establish an alternative classification that encompasses 
all the theropod families in a consistent phylogenetic scheme. 
The better-known theropod families are each readily dis- 
tinguished by unique features, but shared, derived char- 
acters that unite them with one another are more difficult 
to recognize. The “carnosaur” families may each have 
evolved separately from different groups that have been 
classified as coelurosaurs. Or perhaps several separate lin- 
eages of both large and small theropods evolved inde- 
pendently from among primitive forms such as Stauri- 
kosaurus and Herrerasaurus. 

Podokesaurids 

A number of relatively completely known theropods have 
been described from the late Triassic and early Jurassic. 
Coelophysis (Colbert, 1972) and Syntarsus (Raath, 1969) 
are small, lightly built forms known from western North 
America and eastern Africa, respectively. Similar genera, 
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which are placed in the family Podokesauridae, are pres- 
ent in Europe, South America, and Asia. 

Coelopbysis (Figure 14 -6a) is a small form that has 
been considered typical of the coelurosaurs. The skeleton 
is approximately 2g meters long and extremely lightly 
built. The limbs are long and slender, and the bones are 
hollow. The skull is low and slender with small but sharp 
piercing teeth. The neck is longer than the trunk, and the 
sacrum is formed by five pairs of sacral ribs that are fused 
to the vertebrae and ilia in mature individuals. The ilium 
is very long and low, and the pubes extend far forward. 
They are narrow flattened rods that are fused at the mid- 
line, but, in contrast with larger theropods, they are not 
expanded into a vertical plate distally. The ischium, as in 
the other early dinosaurs, is a long, posteroventrally di- 
rected rod. 

The tail is long, to counterbalance the weight of the 
presacral region. The scapula is long and narrow, and the 
coracoid is a small oval plate. The clavicle is present but 
reduced, which frees the shoulder girdle to allow greater 
maneuverability of the forelimb. The forelimbs are slim 
and show no evidence that they supported the body. The 
manus, which is reduced to three functional digits and a 
trace of a fourth, is well developed for grasping. The tibia 
and fibula are 20 percent longer than the femur, and the 
tarsus is greatly reduced. In the related genus Syntarsus 
from the Lower Jurassic of Africa, the astragalus and 
calcaneum are fused to one another and the distal tarsals 


are fused to the metatarsals, which strictly limits the joint 
to a fore-and-aft hinge. The pes of these podokesaurids 
is extremely birdlike, with three principal digits. The first 
digit is very small and does not reach the ground; it is 
not reversed in the manner of larger theropods. 

Coelurids and Compsognathus 

We have not found any fossils of small theropods in the 
Middle Jurassic. In the late Jurassic and early Cretaceous 
several distinct lineages may be recognized. Compsog- 
nathus, which is represented by two specimens from the 
Upper Jurassic of Europe, is the smallest known dinosaur 
(Figure 14 -6b). Ostrom (1978) estimates that the body 
weight was 3 to 3| kilograms. In contrast with all other 
small theropods, the manus is reduced to two digits, with 
a phalangeal count of 2, 2, 0. The tibia is considerably 
longer than the femur, and the metatarsus is elongated as 
well, which suggests that Compsognathus was an effective 
cursorial predator. The type specimen has the bones of 
an agile lizard in its abdominal cavity. In contrast with 
other small theropods, interdental plates, which once were 
considered diagnostic of “carnosaurs,” are present in both 
the upper and lower jaws (Figure 14-7). 

The family Coeluridae represents a continuation of 
the pattern that was established by small podokesaurids. 
Ornitholestes (Figure 14-8) is the best-known member of 
the group. The restored skeleton is about 2 meters long. 
The skull is relatively high; the teeth are small and limited 
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Figure 14-7. MEDIAL SURFACF: OF THE UPPER JAW OF THE 
EARLY MEGALOSAUR MEGALOSAURUS FROM ENGLAND. 
Length of fragment 30 cm. This jaw clearly shows the interdental plates 
that were once thought to be characteristic of "carnosaurs.” They are 
now known to have an irregular distribution among both “cocluro-_ 
saurs” and “carnosaurs.” From Cbarig, 1979. j 

to the front of the jaws. The cervical vertebrae are rela- 
tively short and are recessed posteriorly to form a more 
effective articulating surface, a pattern termed opistho- 
coelous. They are further characterized by the presence 
of large depressions on the lateral surface called pleuro- 
coels, which would reduce the weight of the vertebrae 
without lessening their strength. There are four sacral 
vertebrae and a long tail, which is characterized by the 
great length of the prezygapophyses and anterior exten- 
sion of the haemal arches. 

The metacarpals are very long, as is the manus, which 
is strictly tridactyl, with the total loss of the fourth digit. 
The tibia is shorter than the femur, in contrast with other 
small theropods. 

The family Coeluridae is not known with certainty 
above the Lower Cretaceous. 


Ornithomimids 

Several more specialized lineages have evolved from an- 
imals with the general anatomy of the coelurids. Among 
the most distinctive are the ornithomimids or ostrich di- 
nosaurs, which are found primarily in the Cretaceous of 
North America and East Asia. Well-known genera such 
as Ornithomimus and Struthiomimus have the size and 
proportions of an ostrich (Figure 14-9). They are distin- 
guished from all other dinosaurs by the total absence of 
teeth (Figure 14-10). The skull is smaller relative to the 
vertebrae and trunk than in other coelurosaurs. The bones 
are extremely thin, and the skull is thought to be kinetic 
in the manner of birds (Bock, 1964). The orbits and the 
braincase are both very large, with the estimated ratio of 
brain size to body weight approaching that of some birds 
(Russell, 1972). The cervical centra are elongated and 
fused to the cervical ribs. There are six coossified sacral 
vertebrae, which include elements that are part of the 
trunk and tail in more primitive dinosaurs. The forelimbs 
are very long, but the carpals are reduced and allow' little 
mediolateral movement of the digits. In contrast with most 
other small theropods, there is a large pubic boot. The 
tibia is 20 percent longer than the femur and the meta- 
tarsals are very long. The first digit of the pes is lost, 
which results in a strictly tridactyl foot. 

Specimens of the Upper Jurassic genus Elaphrosaurus 
from East Africa lack a skull, but the postcranial skeleton 
suggests a transitional position between early coelurids 
and ornithomimids (Galton, 1 982a). Ornithomimids were 
poorly represented in the early Cretaceous but became 
widespread later in that period; only a few fragmentary 
specimens are found in the uppermost Mesozoic. 

Dromaeosaurs and the Saurornithoididae 
Small podokesaurids, coelurids, Compsognathus, and or- 
nithomimids fit the old concept of coelurosaurs. In con- 
trast, dromaeosaurs and saurornithoidids appear to be 
structurally intermediate between the primitive members 
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of that assemblage and the large “carnosaurs.” One of 
the most thoroughly described of all dinosaurs is Dei- 
nonycbus from the Lower Cretaceous of Montana (Os- 
trom, 1969, 1976) (Figure, 14-11). It is a lightly built 
animal, about 3 meters long, with an estimated weight of 
60 to 75 kilograms. It appears to combine almost equally 
characters of carnosaurs and coelurosaurs. The skull is 
relatively large, with a deep maxilla and lower jaw to 
accommodate large, bladelike teeth. However, the inter- 
dental plates that are characteristic of most large rhero- 
pods are missing. 

The centra of the cervical vertebrae are not opisth- 
ocoelous, as in almost all other advanced dinosaurs, but 
flattened on both ends and beveled to produce a fixed 
curvature that maintains the large head above the level 
of the trunk. 

The trunk was held nearly horizontal and supported 
by five sacral vertebrae. The posterior caudal vertebrae 
are highly distinctive in having the prezygapophyses and 
anterior processes of the haemal arches elongated as nar- 
row rods that run the length of 8 to 10 vertebrae and 
form supporting bundles around the centra for much of 
the length of the tail. They would have stiffened the tail 
so that it would move more as a unit than in other reptiles, 
but the persistence of the articulating surfaces of the zyg- 
apophyses indicates that some flexibility was retained. 
The tail was probably vital in maintaining balance. Coe- 
lurids and ornithomimids show a slight elongation of the 
caudal prezygapophyses as well. 

In contrast with the well-known large theropods, the 
forelimbs are very long. There are three digits, each bear- 
ing long, recurved claws, that indicate rapacious habits. 

Deinonychus differs from other carnivorous dino- 
saurs in the relatively great size of the coracoids, which 


would have served for the origin of large muscles that 
manipulated the forelimbs. The pubis extends directly 
ventrally and ends in a large “foot.” 

The rear limbs are very long, with a tibia that was 
20 percent longer than the femur. These proportions are 
common to small theropods but not to the large genera. 
However, the metatarsals are not greatly elongated, and 
they and the foot are heavily built to support the body 
weight. 

One of the most striking features of this genus is the 
enormous size of the claw on the second pedal digit, which 
must have served as a fearsome predatory weapon. It is 


(a) po 




Figure 14-10. SKULL OF THE OSTRICH DINOSAUR DROMI- 
CEIOMIM US. (a) Dorsal and (b) lateral view. Abbreviations as in Figure 
8-3. From Russell, 1972. 
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so large that the digit was probably normally held above 
the remainder of the foot, which was functionally didac- 
tyl. The phalangeal count is 2, 3, 4, 5, 0. 

The fourth trochanter, which is typical of most di- 
nosaurs, is not evident on the femur, but a separate prox- 
imal process, the posterior trochanter, is conspicuous and 
may have served for the attachment of the ischiotrochan- 
tericus muscle. Ostrom (1969) suggests that this muscle 
may have served to retract the leg when the great claw 
dug into the prey. The use of this muscle, which originated 
on the ischium, would be less likely to upset the balance 
of the animal as it stood on one foot than would the use 
of the principal retractor, the caudifemoralis, which moved 
the tail laterally as it was contracted. 

Ostrom (1969) tabulated an almost equal number of 
“carnosaur” and “coelurosaur” characters in Deinony- 
chus and argued that these groups could not be clearly 
distinguished. On the other hand, he accepted that the 
ancestry of Deinonychus probably lay among the Coe- 
luridae and hence that this genus was phylogenetically 
allied with the “coelurosaurs” despite the presence of many 
“carnosaur” features. The hands and feet in particular 
point to an ancestry that was shared with Ornitholestes. 
Deinonychus belongs to the family Dromaeosauridae, other 
members of which are known primarily from the Upper 
Cretaceous of North America and central Asia. 

The Saurornithoididae constitute a related family of 
rapacious coelurosaurs from the Upper Cretaceous. They 
are somewhat smaller than dromaeosaurs, with lighter 
limbs but a similar enlargement of the ungual phalanx of 
the second pedal digit. They lack pleurocoels in the cer- 
vical vertebrae, which are present in dromaeosaurs and 
coelurids. The skull is smaller and relatively lower, but 
the braincase is relatively large and bulbous. 

To judge by the structure of the skull, both dro- 
maeosaurs and saurornithoidids had much larger brains 
than most reptiles, reaching about seven times the volume 
relative to body weight of crocodiles. This ratio is the 
same as that found in many birds and primitive living 
mammalian groups. The configuration of the orbits sug- 
gests that the eyes may have had a large area of overlap 


for binocular vision (Russell, 1969; Russell and Seguin, 
1982). In their sensory acuity, degree of cerebral integra- 
tion, and agility, the saurornithoidids represent a high 
point of dinosaur evolution. 

The remaining theropods are all considerably larger 
and include the largest terrestrial predators that have ever 
lived. They culminate in the Upper Cretaceous in animals 
15 meters long with a bulk of 7000 kilograms. The skull 
of Tyrannosaurus reached well over 1 meter in length, 
with individual teeth that were 15 centimeters long. 

Many genera of large theropods are known, from as 
early as the late Triassic, but only a few have been ade- 
quately described and their relationships are not firmly 
established. As few as two or as many as five families may 
be recognized. The tyrannosaurids are a clearly defined 
group from the Upper Cretaceous. Most other large ther- 
opods may be placed in the Megalosauridae, or this name 
may be restricted to the most primitive large theropods, 
with separate families recognized for a series of more 
derived lineages: the Ceratosauridae, the Spinosauridae, 
and the Allosauridae. 

The genus Dilophosaurus from the Lower Jurassic 
of North America (Welles, 1984) occupies a particularly 
isolated position among early theropods. With a length 
of over 6 meters, its bulk rivals animals that were pre- 
viously classified as carnosaurs. The skull is large relative 
to the length of the cervical vertebrae but is lightly con- 
structed. The forelimbs are relatively large (Figure 14-12). 

The skull is distinctive in having a pair of narrow, 
parasagittal crests above the nasals and frontals, and the 
premaxilla is only weakly attached. The cervical vertebrae 
are short and planoconcave rather than amphicoelous, as 
they are in small podokesaurids. They are lightened by 
pleurocoels. There are four sacral vertebrae that remain 
unfused. The manus consists of three large and one re- 
duced digit. In contrast with other large theropods, the 
pubis lacks a boot. The femur is slightly longer than the 
tibia, and the metatarsals are not greatly elongated. Three 
large toes face forward and a small one turns to the rear. 
Dilophosaurus shows no clear affinities with any later 
theropods. 


CHAPTER XIV 


295 



In relationship to their large size, all tyrannosaurids 
and megalosaurs (if one uses that term in the more general 
sense) share a massively built skeleton, with a femur that 
is typically longer than the tibia and short, massive meta- 
tarsals. In addition, the forelimbs are always relatively 
short. There is as yet no strong evidence that these features 
were uniquely derived within the ancestry of these fam- 
ilies. Tyrannosaurids and megalosaurs may be no more 
closely related to one another than either are to early 
members of the “coelurosaur” assemblage. 

Megalosaurs 

We find megalosaur remains from as early as the base of 
the Jurassic and possibly even in the late Triassic, but few 
animals earlier than the late Jurassic are represented by 
relatively complete remains and fewer yet have been ad- 
equately described. Jaw and limb elements that are placed 
in the genus Megalosaurus are known from the Lower 
and Middle Jurassic of England. The femur is almost 1 


meter long, and the jaws and teeth are very large. Inter- 
dental plates are present at the base of the inside surface 
of the teeth of the upper and the lower jaw (see Figure 
14-7). 

Other material shows that early megalosaurs were 
fully bipedal, reached a length of approximately 6 meters, 
and that the distal end of the pubis, as in Herrerasaurus, 
was expanded into a large “foot” or “boot.” As in other 
large theropods, the centra of the cervical vertebrae are 
opisthocoelous. Four digits are retained in both the front 
and hind limb. 

The most completely known of the early megalosaurs 
is Eustreptospondylus from the Middle Jurassic of Eng- 
land, a specimen of which is on display at Oxford Uni- 
versity. Von Huene (1926) described it under the name 
Streptospondylus. It consists of a nearly complete skele- 
ton, although the skull is fragmentary. In general, it re- 
sembles the Upper Jurassic Allosaurus (Madsen, 1976), 
although it is more primitive in having only three sacral 



Figure 14-13. THE UPPER JURASSIC THEROPOD ALLOSAURUS. Adults of this genus reached lengths of 4 to 5 meters. From Colbert, 1983. 
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Figure 14-14. SKULL OF ALLOSAURUS. (a) Lateral, [b) dorsal, and 
(c) palatal views. Abbreviations as in Figure 8-3. From Madsen, 1976. 


The upper Jurassic genus Allosaurus is the best-known 
representative of a conservative lineage that extends into 
the Upper Cretaceous. Allosaurus reached 12 meters in 
length and was among the most powerful carnivores of 
its time (Figure 14-13; see page 295). The body was 
strengthened to support the extra weight, and the sacrum 
had five fused vertebrae. 

The skull is high and laterally compressed; the orbital 
opening is triangular and smaller than the principal an- 
torbital fenestra (Figure 14-14). The teeth are long, lat- 
erally compressed, and recurved. In contrast with more 
primitive megalosaurs, the cervical vertebrae have well- 
ossified anterior condyles that contribute to well-defined 
ball-and-socket joints between the vertebrae. The more 
posterior trunk vertebrae retain a shallowly amphicoelous 
configuration. The tail is long, and the posterior pre- 
zygapophyses are considerably elongated. 

The forelimb is considerably shorter than the rear 
limb and could not possibly have supported the body. 
Only three digits of the manus are retained. Each has a 
long recurved claw. Metatarsals II, III, and IV are closely 
integrated elements. The first digit, like that of birds, was 
oriented posteriorly. 

Tyrannosaurids 

The gigantic tyrannosaurids of the Upper Cretaceous were 
the largest of all theropods (Figure 14-15). Specializations 
of this family include the further reduction in the length 
of the forelimbs (which could not have reached the mouth) 
and the retention of only two functional digits, the first 
and second, which bear respectively two and three pha- 
langes. 

The skull is distinguished by the shape of the pari- 
etals, which form a sharp sagittal crest between the upper 


vertebrae and a single antorbital opening. The femur is 
slightly longer than the tibia. 

The early megalosaurs radiated during the Jurassic 
and led to specialized forms that included Spinosaurus 
from the Upper Cretaceous and its relatives, which had 
neural spines of the trunk vertebrae that were 2 meters 
long, and the Upper Jurassic Ceratosaurus, which had a 
short “horn” that was borne on the nasal bones (Stromer, 
1915; Gilmore, 1920). 


Figure 14-15. THF. GIGANTIC UPPER CRETACEOUS THEROPOD 
TYRANNOSAURUS, WHICH REACHED A HEIGHT OF 6 METERS. 
The forelimbs are much shorter than those of Allosaurus and have only 
two digits. From Osborn, 1916. 
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Figure 14-16. PLATEOSAURUS. Skeleton of the large plateosaur from the Upper Triassic of Germany. Length is about 7 meters. Plateosaurs are 
among the most primitive dinosaurs. Their dentition indicates that they wore herbivores. They may have been facultatively, but not habitually, 
bipedal. From Galton, 1971. 


temporal openings. In megalosaurs, the parietals are flat 
in this area. Little, if any, movement was possible between 
any of the elements of the skull in tyrannosaurids. In 
contrast, the lower jaw had some mobility between the 
dentary and more posterior elements, which allowed the 
gape to be increased so that the teeth could bite into 
extremely large prey. 

Russell (1970a) recognizes three genera in North 
America: Albertosaurus, Daspletosaurus , and Tyranno- 
saurus. Tyrannosaurus also occurs in central Asia, where 
it was originally described under the name Tarbosaurus, 
together with Alioramus and Alectrosaurus (Kurzanov, 
1976). The genus Indosucbus is recognized in India (Chat- 
ter jee, 1978). 

We assume that tyrannosaurids evolved from among 
the megalosaurs, but no specific ancestor has been rec- 
ognized. Chatterjee (1985) proposes that they may have 
evolved directly from Triassic thecodonts. 


Sauropodomorphs 

PLATEOSAURS 

The theropods were the first dinosaurs to be described 
because their anatomy could be readily derived from the 
pattern of the carnivorous thecodonts. These large pred- 
ators probably fed on comparable-sized prey. The major 
food sources for the megalosaurs and tyrannosaurids 
probably included the giant sauropods of the Jurassic and 
Cretaceous. These sauropods were preceded in the late 
Triassic by an assemblage of more primitive herbivorous 
saurischians, the plateosaurs or prosauropods. 

The best known plateosaur is Plateosaurus (Figures 
14-16 and 14-17) from the Upper Triassic of Germany, 
but we find other genera in eastern and western North 
America, South America, southern Africa, and China. Pla- 
teosaurs were 1 to 7 meters long and of moderately heavy 



Figure 14-17. THE SKULL OF THE UPPER TRIASSIC HERBIVO- 
ROUS DINOSAUR PLATEOSAURUS. (a) Dorsal, ( b ) palatal, (c) lat- 
eral, and (d) occipital views, and (e) the medial surface of the lower 
jaw. Courtesy of Peter Galton. 
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Figure 14-18. HANDS AND FEET OF SAUROPODOMORPHS. (a) 
Manus of the plateosaur Anchisaurus, Upper Triassic, x I. From Galton, 
1976. ( b ) Manus of Riojasaurus, xj, a form that is structurally tran- 
sitional between plateosaurs and sauropods, from the Upper Triassic. 
From Bonaparte, 1971. (c) The Upper Jurassic sauropod Apatosaurus. 
From Coombs, 1 97 S. (d) The foot of Riojasaurus , X A From Bonaparte, 
1971. ( e ) Foot of Vulcanodon, a form that is structurally intermediate 
between plateosaurs and sauropods, from the Lower Jurassic of East 
Africa. From Raath, 1972. (f) Foot of the Upper Jurassic sauropod 
Apatosaurus. From Coombs, 1975. Abbreviations as follows: ast, as- 
tragalus; cal, calcaneum; v, fifth metatarsal. 


build. They were initially restored in a bipedal pose be- 
cause of the greater length of their hind limbs, but foot- 
prints demonstrate that they were usually quadrupedal. 

The skull is small relative to the trunk, and the neck 
is long. The teeth have laterally compressed crowns with 
crenulated edges that resemble those of herbivorous liz- 
ards. In advanced genera, the jaw articulation is well be- 
low the level of the tooth row, a feature that frequently 


developed in herbivorous groups to provide stronger le- 
verage for the jaw muscles. 

Plateosaurs were once thought to include carnivorous 
genera because of the discovery of large, bladelike teeth 
in association with their skeletons, but these teeth were 
probably left by other dinosaurs or large thecodonts that 
preyed upon them or fed on their carcasses. 

Plateosaurs had three sacral vertebrae. Like Staurik- 
osaurus and Herrerasaurus, the iliac blade is very short; 
the pubes are long narrow bones that fused at the midline 
but were not expanded vertically at the distal end. Prox- 
imally, each surrounds a large obturator foramen. 

The forelimb is approximately two-thirds the length 
of the hind limb. The humerus, ulna, and radius are stout, 
and the manus is short and retains all five digits. It prob- 
ably served for /Support, although the first digit is larger 
than the remaining ones and carries a huge claw (Figure 
14-18). 

The femur broadly resembles that of other early di- 
nosaurs but is relatively thicker. The tarsus shows a well- 
developed mesotarsal hinge. The foot has four strongly 
developed, but short, digits. The fifth is reduced to a splint. 
According to van Tleerden (1979), the posture was not 
fully improved, with the femur angled at about 25 degrees 
from the vertical. 

The plateosaurs are among the earliest and most 
primitive of all dinosaurs. They probably shared a com- 
mon ancestry with forms such as Staurikosaurus and Her- 
rerasaurus. As in the case of the protosuchian crocodiles, 
we now recognize many of the plateosaurs that were once 
thought to be from the Triassic as being early Jurassic in 
age. They represent an early experiment in herbivory among 
the dinosaurs. 

In the later Mesozoic, plateosaurs were replaced as 
effective herbivores by the sauropods and ornithopods. 
Already in the Upper Triassic, more advanced saurischian 
herbivores had evolved, as evidenced by Riojasaurus (Fig- 
ure 14-19). 

Galton (1977, 1985) and van Heerden (1979) rec- 
ognized four families of prosauropods. The fully quad- 
rupedal Melanorosauridae from the Late Triassic and early 
Jurassic appear close to the ancestry of the sauropods. 



Figure 14-19. SKELETON OF RIOJASAURUS. This primitive sauropodomorph, from the Upper Triassic of South America, 
is 10 meters long. From Bonaparte, 1978. 
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Sauropods, which are exemplified by the Upper Jurassic 
genera Diplodocus, Camarasaurus and Bracbiosaums, are 
characterized by their enormous size, with weights as great 
as 80,000 kilograms (Colbert, 1962) and body lengths 
approaching 30 meters. They were obligatorily quadru- 
pedal, and the limb bones are greatly thickened, solidly 
ossified, and held in a nearly vertical position. Like ele- 
phants, they did not bend much at the elbow and knee, 
and the stride would have been short. The feet were gra- 
viportal, with five short digits on both the manus and pes. 

Surprisingly, the joint surfaces of the limbs are poorly 
defined, and there must have been a good deal of cartilage 
in the carpus and tarsus as well. The capacity for the 
cartilage to yield under pressure and conform to a shape 
that would most effectively distribute the force produced 
by the weight of the body was apparently more important 
than the greater per unit strength of bone. 

The skull is strikingly small, and the teeth are simple, 
incisorlike structures that form a single functional row. 
The teeth show wear that could be associated with crop- 
ping vegetation, but they lack the grinding or shearing 
surfaces that are provided by the cheek teeth of ornith- 
ischians. The teeth are set at the margins of the jaw, which 
precludes the presence of a fleshy cheek that would help 
to retain the food within the mouth cavity. Processing of 
food in sauropods may have occurred primarily within 
the digestive tract, either with the help of gizzard stones, 
which are reported in a few sauropods, or through a 
symbiotic relationship with intestinal microorganisms 
(Coombs, 1975). 

All adequately known sauropods have long necks, 
with 12 to 19 cervical vertebrae, each of which are elon- 
gated relative to those of the trunk. There are usually 
about 12 trunk vertebrae and from four to six sacrals. 

We recognize nearly 50 genera of sauropods that are 
grouped in 6 subfamilies or families, but few are well 
known. Because of their great size, sauropod remains are 
easily found but difficult to collect and prepare. Never- 
theless, we have an excellent record in the Upper Jurassic 
from geographically diverse localities: the Tendagaru in 
East Africa, the Szechwan basin in China, and the Mor- 
rison Formation in Utah, Colorado, and Wyoming. In 
contrast, their history in the early Jurassic and for most 
of the Cretaceous is poorly known. 

Because of their gigantic size, the habitat of sauro- 
pods has long been cause for speculation. Some authors 
have suggested that their enormous bulk could only have 
been supported if they lived in the water. An aquatic way 
of life also seems to be suggested by the dorsal position 
of the nostrils in several genera. On the other hand, there 
is nothing in the skeleton that can be associated with 
aquatic locomotion, and the limbs and girdles have many 
attributes that are found in large terrestrial mammals such 
as elephants. Some strictly terrestrial mammals have dor- 
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sal narial openings, including genera with a trunk or com- 
plex nasal structures. 

Coombs (1975) concludes that sauropods may have 
been quite varied in their habits, both as a group and 
seasonally within individual species. The presence of five 
or six well-defined genera within a single fossil locality 
suggests that they must have differed considerably in their 
specific ways of life to avoid competition for particular 
food sources. Most sauropods may have lived near streams, 
swamps, and lakes to judge by footprints and depositional 
evidence, but it is unlikely that they habitually lived in 
deep water, as has been suggested in some restorations 
(Dodson, Behrensmayer, Bakker, and McIntosh, 1980). 
No direct evidence is available regarding their diet. With 
such small heads, they must have spent most of their lives 
eating. „ 

Sauropods have long been thought to have evolved 
from the plateosaurs. In addition to their common her- 
bivorous habits, they are united by similar features of the 
postcranial skeleton. Some of these similarities may be 
attributed to common specializations for a massive body. 
The presence of a very large first digit of the manus with 
a strong claw may have been a unique specialization of 
the common ancestor of both groups. In most sauropods, 
especially the most primitive forms, the forelimbs are sig- 
nificantly shorter than the rear limbs, which suggests an 
ancestry among facultatively bipedal animals. 

Most of the well-known plateosaurs are too late to 
be the actual ancestors of the sauropods, which appear 
to have diverged from the ancestral sauropodomorph lin- 
eage before the end of the Triassic. 

Primitive sauropods 

The oldest known genus that can be closely associated 
with the later Mesozoic sauropods is Riojasaurus (Bo- 
naparte, 1978) from the Upper Triassic of South America 
(Figures 14-19 and 14-20). The skeleton is only about 6 
meters long, but the girdles and limbs are much more 
massive than those of the plateosaurs, which indicate an 



Figure 14-20. LIMB BONES OF SAUROPODOMORPHS. [a] Hu- 
merus of Riojasaurus from the Upper Triassic, X A. From Bonaparte, 
1971. (b, c, and d) Femora of Plateosaurus (Upper Triassic), Barapa- 
saurus (Lower Jurassic) and Apatosaurus (Upper Jurassic). From fain, 
Kutty, Roychowdhury, and Chatterjee, 1977. 
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obligatorily quadrupedal stance. The articulating surfaces 
of the humerus are enormously expanded. The ulna is 
massive, with little development of the olecranon. These 
features contrast with the quadrupedal ankylosaurs and 
stegosaurs that are discussed later in this chapter, both of 
which have a well-developed olecranon that may have 
been associated with a more sharply angled elbow joint. 
As in the plateosaurs, all five digits of the forelimb are 
retained. The first digit bears a very large claw, but the 
other phalanges of all the digits are relatively short. 

The ilium is massive but short from back to front 
and is associated with only three sacral vertebrae. The 
pubis and ischium are short relative to those of theropods 
and generally resemble those of the plateosaurs (Figure 
14-21). The puboischiac plate is extensive, as in primitive 
archosaurs. The femur is massive and considerably longer 
than the tibia. The tarsus and pes closely resemble those 
of the plateosaurs, with wide but flat astragalus and cal- 
caneum and two small distal tarsals. The metatarsals of 
digits I through IV are long and fairly slender, and the 
fifth metatarsal is much shorter. The digits are all short 
but retain claws. 

The skull is not known. There are estimated to be 
10 or 11 cervical and 15 trunk vertebrae. In contrast with 
later sauropods, the vertebrae remain primitive in their 
general form but, like plateosaurs and advanced sauro- 
pods, they have extra articulating surfaces — the hypos- 
phene and hypantrum, which are medial to the zygapo- 
physes — that would contribute to the rigidity of the column. 

Vulcanodon from the early Jurassic of Zimbabwe is 
even more similar to later sauropods (Cooper, 1984). Much 
of the girdles, limbs, and posterior axial skeleton is known 
but, unfortunately, not the head or neck. The trunk and 
tail would have been approximately 6 meters long. Most 
skeletal features are close to, but slightly more primitive 
than, typical sauropods and similar to, but advanced over 
the condition in robust prosauropods. The pelvis and rear 
limbs exhibit a clear mosaic of prosauropod and sauropod 
features. The sacrum is advanced over prosauropods in 
incorporating four fused vertebrae. However, the shape 
of the pubes, which form an anteriorly facing “apron,” 
is typical of prosauropods. The femur is straight rather 




Figure 14-21. PELVES OF SAUROPODOMORPHS. (a) Pelvis of Pla- 
teosaurus from the Upper Triassic. From Raath, 1972. ( b ) Pelvis of 
Barapasaurus from the Lower Jurassic. From )ain, Kutty, Roychow- 
dhury, and Chatterjee, 1977. 



Figure 14-22. CERVICAL VERTEBRA OF THE UPPER JURASSIC 
SAUROPOD DIPLODOCUS, X Ai- The very open structure conserves 
weight. From Hatcher, 1901. 

than sigmoidal, and the distal tarsals are not ossified. In 
contrast, the large size of the ungual of the hallux resem- 
bles that of prosauropods. 

The structure of both the forelimbs and hind limbs 
indicates that Vulcanodon was strictly quadrupedal and 
shifting from digitigrade to semiplantigrade posture. Cooper 
emphasized particularly close similarities in primitive fea- 
tures to Plateosaurus and the melanorosaurid Euskelo- 
saurus combined with advanced characters that presage 
the pattern in diplodocid and camarasaurid sauropods. 

Cetiosauridae 

Barapasaurus from the Liassic of India is contemporary 
with Vulcanodon (Jain, Kutty, Roychowdhury, and Chat- 
terjee, 1977). This genus is represented by a great deal of 
disarticulated material but no reconstruction has yet been 
attempted. It has already reached sauropod dimensions, 
approaching the size of Diplodocus. The individual bones 
are generally similar to those of the later sauropods but 
are primitive in some respects (Figures 14-20 and 14-21). 
Unlike those of Riojasaurus and Vulcanodon, the verte- 
brae resemble those of advanced sauropods in the devel- 
opment of large cavities in the centra and neural arches 
that serve to lighten these structures (Figure 14-22). The 
cervical vertebrae are opisthocoelous and elongate, but 
most of the trunk vertebrae remain shallowly amphicoe- 
lous. Four fused sacral vertebrae are attached to a long 
and high iliac blade of typical sauropod proportions. 

Barapasaurus is placed in the family Cetiosauridae, 
which spans the length of the Jurassic. Another member 
of this family was briefly described on the basis of nu- 
merous skeletons from the Middle Jurassic of Szechwan 
Province, China (Dong and Tang, 1984). Shunosaurus is 
approximately 7 meters long, with 13 cervicals (which 
are one and one-half times as long as the dorsal), 12 
dorsals, and 4 sacral vertebrae. The skull has spatulate 
teeth and large, paired narial openings that are located 
high on the snout — a configuration that is similar to that 
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of Camarosaurus, from the Upper Jurassic. From Osborn and Aloof', 1921. 


of the Upper Jurassic genus Camarasaurus. Within this 
family, the forelimbs range from two-thirds to four-fifth 
the length of the hind limbs. 

The Cetiosauridae remains a poorly known and in- 
completely described assemblage that probably represents 
a basal stock that is ancestral to the more specialized 
forms of the late Jurassic and Cretaceous. The later forms 
are all advanced in the excavation of the vertebrae but 
vary in the number of sacral vertebrae; the proportions 
of the neck, tail, and limbs; and the nature of the skull 
and its dentition. 

Diplodocidae 

The Diplodocidae are found throughout the world in the 
Upper Jurassic, but this family is limited to eastern Asia 
in the Upper Cretaceous. Both Diplodocus and Apato- 
saurus [ Brontosaurus ] are known from complete, thor- 
oughly described skeletons (Figure 14-23). Berman and 
McIntosh (1978) most recently reviewed this group. The 
body reaches approximately 30 meters in length, with the 
skull about 55 centimeters long at the end of a very long 
neck. Within the family, the number of cervical vertebrae 
varies from 12 to 19, with the individual vertebrae two 
and one-half times the length of the trunk vertebrae. There 
are five coossified sacrals, and the tail has a maximum of 
over 80 vertebrae; the last are long, narrow, and form a 
thin whiplash. 

The skull (Figure 14-24) has large orbits with a me- 
dian narial opening between them at the top of the skull. 
The teeth are long slender structures that are limited to 
the front of the mouth. They would be effective for crop- 
ping food and are rapidly replaced, if we judge by the 
number of replacement teeth that are present in the jaws. 

The vertebrae, especially the cervicals, are huge. They 
are not formed of solid bone but by a complex lattice 



Figure 14-24. SKULL OF DIPLODOCUS. (a) Lateral and (b) dorsal 
views, 55 centimeters long. From Ostrom and McIntosh, 1966. 
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work that surrounds large openings. Some authors suggest 
that these spaces might have been occupied by air sacs 
that were connected with the lungs, as is the case among 
birds. The cervical and anterior trunk vertebrae are strongly 
opisthocoelous. There are only 10 trunk vertebrae that 
have tall neural spines. 

The rib cage is high and narrow. Compared with 
other sauropods, the limbs of Diplodocus are relatively 
slender. The front limbs are two-thirds to three-fourths 
the length of the rear limbs. In Diplodocus, there are only 
two carpals, and the rest of the carpus is formed entirely 
of cartilage. In Apatosaurus, there is only a single carpal. 
In both genera, the only bone of the tarsus to ossify is the 
astragalus. The weight is borne by five metacarpals and 
five metatarsals of the hand and foot. The phalanges are 
greatly shortened. The first toe in the hand bears a large 
claw, like that of the plateosaurs. Two or three of the toes 
on the foot end with claws (see Figure 14-18). 

Camarasauridae 

The Camarasauridae is represented by Camarasaurus from 
the Upper Jurassic of North America and Opistbocoe- 
locaudia from the Upper Cretaceous of Mongolia, Ca- 
marasaurus has a short neck with only about 12 cervical 
vertebrae that are only a little longer than the dorsals 
(which also number 12). The tail is short. The skull is 
high, and the teeth are spoon shaped and extend for much 



( b ) External 



Figure 14-25. (a) Skull of Camarasaurus, x^j. Front Osborn and Mook, 

1921. ( b ) Brachiosaurus. From Lapparant and Lavocat, 19SS. Abbre- 
viations as in Figure 8-3. 


of the length of the jaw margin, in contrast with those of 
the Diplodocidae. The nasal openings are high but paired 
(Figure \A-25a). The front limbs are two-thirds to three- 
fourth the length of the rear. The caudal centra of Ca- 
marasaurus are procoelous, as in most sauropods, but 
they are opisthocoelous in the later, Asian genus. 

In camarasaurids, as in all other Upper Jurassic sau- 
ropods, the sacrum is composed of five vertebrae: one 
dorsosacral, three true sacrals, and one caudosacral. 


Brachiosauridae 

The Brachiosauridae are among the largest of all sauro- 
pods, with estimated weights of 80,000 kilograms. The 
skull is high, with the nasal openings bulging up in front 
of the orbits. The neck is extremely long, and the indi- 
vidual vertebra are three times as long as the dorsals. The 
front limbs are as long or longer than the rear limbs. We 
find brachiosaurs from the Middle Jurassic into the Lower 
Cretaceous in North America, Africa (including Mada- 
gascar), Europe, and perhaps in Australia but not in Asia. 


Euhelopodidae 

In contrast, the Euhelopodidae are known only in eastern 
Asia from the Upper Jurassic and Lower Cretaceous (Dong, 
Zhou, and Zhaug, 1983). These genera exhibit 17 to 19 
cervicals that range in size from one and one-third to two 
and one-third times the length of the dorsals. There are 
14 dorsals, which results in a very long presacral column. 
The teeth are spatulate and the skull of Euhelopus is 
similar to that of Camarasaurus. 


Titanosauridae 

The Titanosauridae are a primarily Cretaceous assem- 
blage that had a possible forerunner in the Upper Jurassic 
of East Africa. Although occurring in North America and 
Europe, they are more common in the southern conti- 
nents. The most important defining character is the strongly 
procoelous nature of the anterior caudal vertebrae, which 
allowed the tail to move more freely from side to side. 
There are six sacral vertebrae, and the neck is compara- 
tively short. The skull of the South American genus Ant- 
arctosaurus is decidedly like that of Diplodocus in char- 
acter (von Huene, 1929). 


O RNITHISCHI ANS 

We have difficulty establishing the specific interre- 
lationships of the major groups of saurischian di- 
nosaurs because of the incomplete fossil record in the 
late Triassic. The early history of the ornithischians is also 
incompletely known, but this assemblage shares a number 
of derived features that clearly demonstrate a common 
origin. 

The most significant feature is the presence of a unique 
bone at the symphysis of the lower jaws, the predentary. 
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This element does not bear teeth but may have had a 
horny covering like the beak of turtles. The predentary is 
not firmly attached to the more posterior bones of the 
jaws in primitive genera and may have allowed them to 
rotate slightly on their long axis to help manipulate food. 

The teeth of all ornithischians have laterally com- 
pressed crowns that are crenulated along the edges. As 
with the plateosaurs, this pattern is associated with feed- 
ing on plant material. In contrast with plateosaurs and 
sauropods, the tooth rows of most ornithischians are me- 
dial to the margins of the dentary and maxilla, which 
indicates the presence of fleshy cheeks that would have 
assisted in retaining the food in the mouth as it was chewed. 
In most genera, a specific occlusal relationship is achieved 
between the upper and lower teeth. According to Galton 
(1973), these advances in the feeding apparatus were 
probably the main reason for the success of the ornithis- 
chians throughout the Jurassic and Cretaceous. 

Crocodiles and some other tetrapods have bony plates 
in the eyelid or along the dorsal margin of the orbit, while 
in primitive ornithischians, a narrow bone, the supraor- 
bital, attaches to the anterior margin of the orbit. A com- 
parable bone is not present in saurischians. Two supraor- 
bitals are present in several ornithischian groups, including 
the iguanodontids and pachycephalosaurs. 

The character that is most commonly used to distin- 
guish ornithischians from saurischians, and that Seeley 
(1888) used as the basis for recognizing the two dinosaur 
orders, is the configuration of the pelvis (see Figure 14- 
3). Saurischians retain the primitive, “lizardlike” pelvic 
pattern that is modified beyond that of early archosaurs 
by the extension of the pubis and ischium anteriorly and 
posteriorly to form, with the ilium, a triradiate structure. 
Ornithischians are specialized in having the pubis lie 
alongside the ischium in a posterior orientation. It is com- 
monly said that the pubis has rotated posteriorly, but 
without any fossils that show an intermediate condition 
leading to that of the early ornithischians, we cannot say 
with assurance why the change occurred or how it was 
achieved. 

Romer (1956), Galton (1969), Charig (1972), Walker 
(1977), and Santa Luca (1980) have all tried to explain 
why the pubis is in a posterior position. But their expla- 
nations are not fully satisfactory since it is very difficult 
to understand why the shift would have occurred in or- 
nithischians but not among the obligatorily bipedal saur- 
ischians, such as Coelophysis, which resemble them in 
many other skeletal features. This change is particularly 
difficult to understand since many later ornithischians, 
including the small bipedal hypsilophodontids, redevelop 
an anterior pubic process that compares topographically 
with the primitive saurischian pubis. 

Charig (1972) suggests that all dinosaurs had to mod- 
ify the configuration of the pelvis from the pattern of 
advanced thecodonts because of the greater stride devel- 
oped as a result of a fully upright rear limb. In primitive 
archosaurs, the swing of the femur was limited by the 


anterior extent of the pubis because the major muscles 
that protract the limb originated on that bone. If the femur 
moved anteriorly to the level of the pubis or even beyond, 
the efficiency of these muscles would be progressively 
reduced. 

Several solutions to this problem are possible. If the 
body were to assume a habitually bipedal stance, the pubis 
would be tipped upward and out of the way of the femur. 
This solution was achieved in the theropods. The sau- 
ropods, which are graviportal animals, would not have 
moved the limbs in a wide arc, so that the configuration 
of the primitive pelvis would not have been a problem. 

Ornithischians may have solved this problem by 
shifting the site of origin of the femoral protractors to 
other bones. The ilium of primitive ornithischians extends 
far forward of the acetabulum, which would provide space 
for the origin of the protractors of the femur, including 
the sartorius (iliotibialis) and the puboischiofemoralis. As 
in modern crocodiles, the latter muscle could also have 
originated from the posterior trunk vertebrae. 

If the pubis were not functionally necessary for the 
origin of these muscles, it would not need to have re- 
mained in its primitive position. Selection may have oc- 
curred to reverse its position, possibly to allow the ab- 
dominal cavity to extend posteriorly and increase the 
volume of the gut in the herbivorous ornithischians (but 
not in the carnivorous theropods) or to shift the center 
of gravity posteriorly to facilitate a bipedal stance. 

Two major groups of ornithischians have a well- 
developed pattern of dermal armor that might have been 
inherited from the thecodonts. In this one feature orni- 
thischians may be more primitive than saurischians. Or- 
nithischians, but not saurischians, have ossified tendons 
lateral to the vertebral column in the posterior trunk and 
the sacral and caudal regions. 

We have not found any fossils that link early orni- 
thischians with any of the saurischian groups. Bakker and 
Galton (1974) pointed out features of the dentition in 
which ornithischians resemble plateosaurs and aspects of 
the rear limb and feet that they share with early coelu- 
rosaurs, but none of the known saurischians combine the 
skull and postcranial features that we would expect to 
find in the immediate ancestors of ornithischians. Similar 
derived features of the rear limb and tarsus suggest that 
ornithischians and saurischians share a common ancestry 
among animals that are similar to Lagosuchus. 

The earliest known ornithischian is Pisanosaurus from 
the Upper Triassic of South America (Bonaparte, 1976). 
It is very incompletely known but shows the specializa- 
tions of the lower jaw and dentition that characterize the 
much-better-known early Jurassic genera. 

FABROSAURIDS 

We find several distinct ornithischian lineages in the low- 
est Jurassic from beds that were previously thought to be 
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Figure 14-26. SKELETON OF F ABROSAURUS. This is one of the 
most primitive ornithischians, from the Lower Jurassic of southern Af- 
rica, 50 centimeters tall. From Thulborn, 1972. 



late Triassic in age. Although they are distinct from one 
another in important features of the dentition, their basic 
skeletal anatomy is very similar. The fabrosaurids show 
a pattern that could be close to that from which most 
other ornithischians evolved (Figure 14-26). 

The best-known genus is Fabrosaurus [ Lesotbosau - 
rus] from southern Africa (Thulborn, 1972; Galton, 1978; 
Gow, 1981). Like the podokesaurid Coelophysis, the skel- 
eton is light and has exceedingly slender limbs. The fore- 
limbs are even shorter, indicating obligatory bipedality. 
The total length is under 1 meter. 

The skull is small and short with a large orbit that 
is crossed by a slim supraorbital bone. The antorbital 
opening, as in most ornithischians, is small and partially 
occluded by the maxilla (Figure 14-27). The premaxilla 
bears a continuous row of small incisiform teeth; the teeth 
in the maxilla and dentary extend along the margin of 
the bones. The tooth shape is common to that of all or- 
nithischians. Like those of plateosaurs, the crowns are 
laterally compressed and leaf shaped. The upper and lower 
teeth occlude alternately between one another and have 
enamel on both the medial and lateral surfaces (see Figure 
14-30a). 

The cervical centra are short, which results in a shorter 
neck than is found in the early theropod dinosaurs. The 
trunk centra remain shallowly amphicoelous. There are 
approximately 22 presacral vertebrae and 5 sacrals. 
Alongside the posterior trunk and sacral vertebrae are 
numerous rod-shaped, ossified tendons that stiffened the 
column. They may have evolved in relationship to a ha- 
bitually bipedal stance in primitive ornithischians but are 
retained in later quadrupedal forms as well. 

There is a long, slender tail; the zygapophyses at its 
base are nearly vertical, which would have limited move- 
ment of the tail to the vertical plane. This limitation may 
have facilitated balance on the rear limbs. The high angle 


of the zygopophyses would also have reduced the ten- 
dency for the tail to be bent laterally during contraction 
of the caudifemoralis musculature, which served as a ma- 
jor retractor of the rear limbs. 

The scapula is thin and slender as in small theropods. 
The coracoid is not known in fabrosaurids, but in other 
primitive ornithischians it is a small oval bone. Primitive 
ornithischians retain a slender clavicle like the early saur- 
ischians. The humerus, like that of other small, primitive 
dinosaurs, has a slender shaft but a large deltopectoral 
crest. In Fabrosaurus, the carpus is poorly ossified and 
the manus has four functional digits, with the fifth greatly 
reduced. 

As in early “coelurosaurs,” the ilium is long and 
accommodates five pairs of sacral ribs. The ischium, like 
that of small theropods, is slender and extends poster- 
oventrally. Proximally it bears a ventral projection, the 



Figure 14-27. SKULL OF FABROSAURUS. Abbreviations as in Ft 
8-3. From Thulborn, 1970. 
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Figure 14-28. PELVES OF ORNITHISCHIANS. (a) Scelidosaurus, a 
primitive ornithischian without a prepubic process. (/?) Hypsilophodon, 
a typical ornithopod with a prominent obturator process, (c) Homoal- 
cephale, a pachycephalosaurid. (d) Protoceratops. (e) Triceratops. (f) 
Stegosaurus. ( g ) Euoplocephalus, an ankylosaur. From Coombs, 1979. 


obturator process, that is also present in a major assem- 
blage of later ornithischians, the ornithopods. The very 
slender pubis lies just below the ischium. In contrast with 
most later ornithischians, there is only a short anterior 
pubic process (Figure 14-28). 

The head of the femur is Fabrosaurus is not strongly 
intumed. The shaft is slightly bowed anteriorly, and there 
is a long pendant fourth trochanter for insertion of the 
strong retractor muscles that originated at the base of the 
tail. The tibia is considerably longer than the femur and 
bears most of the weight of the lower limb. The fibula is 
reduced to a narrow splint. As in other ornithischians, 
the astragalus and calcaneum are so strongly integrated 
with the ends of the tibia and fibula that they are func- 
tionally an extension of the crus. The distal tarsals are 
separate but closely associated with the heads of the met- 
atarsals. As in early “coelurosaurs,” the pes is functionally 
tridactyl, with the fifth digit lost and the first reduced and 
turned slightly to the rear. 

Fabrosaurus shows no trace of dermal armor. In con- 
trast, Scutellosaurus, a possibly related form from North 
America, has an extensive covering along the back and 
onto the flanks (Colbert, 1981). 

Well-known fabrosaurids are restricted to the Lower 
Jurassic, but Gabon (1978) described jaws and teeth from 
the Jurassic-Cretaceous boundary that appear to represent 
a continuation of this group and similar teeth are known 
from both the Upper Triassic and Upper Cretaceous. The 


teeth in later genera are slightly inset, which demonstrates 
the initial development of cheeks within this group. 


HETERODONTOSAUR1DAE 

Another group of primitive ornithischians, the hetero- 
dontosaurids, accompany the fabrosaurids in the early 
Jurassic. This family probably did not give rise to any 
later ornithischians, but they are important in establishing 
the primitive anatomy of this assemblage since we know 
their skeleton in greater detail than that of the fabro- 
saurids. 

Heterodontosaurus is known from two complete 
skeletons from southern Africa (Charig and Crompton, 
1974; Santa Luca, 1980). The body is slightly more than 
1 meter long. The skull differs from that of Fabrosaurus 
in several significant features (Figure 14-29). There are 
conspicuous caniniform teeth in both the upper and lower 
jaw. The upper “canine” originates from the back of the 
premaxilla (and not the front of the maxilla, as do the 
canine teeth of primitive amniotes and mammals). The 
lower canine originates at the front of the dentary, just 
behind the predentary bone, and fits into a notch in the 
upper jaw that is part of a diastema between the pre- 
maxillary teeth and the cheek teeth. The other very im- 
portant feature is the fact that the cheek teeth are not 
located at the margin of the skull and lower jaw but are 
inset, leaving a space lateral to the tooth row. The bone 
flares outward and is ridged above and below the tooth 
row in the maxilla and dentary, as if to support a lateral 
sheet of tissue that would have functioned like the mam- 
malian cheek to retain food within the oral cavity. 

Fleterodontosaurus shows tooth wear that results from 
a specific occlusal pattern between the chisel-shaped upper 
and lower teeth. The lateral surface of the lower teeth 
wear against the medial surface of the maxillary teeth 
(Figure 14-30). Enamel is present only on the lateral sur- 
face of the upper teeth and the medial surface of the 
dentary teeth to provide a resistant cutting edge. The rate 


Supraorbital 



Figure 14-29. SKULL OF HETERODONTOSA UR US. From the Lower 
Jurassic of Southern Africa. Abbreviations as in Figure 8-3. From Charig 
and Crompton, 1974. 



306 


THE ANATOMY AND RELATIONSHIPS OF DINOSAURS 



Figure 14-30. TOOTH PATTERN AND OCCLUSION IN ORNI- 
THISCHIAN DINOSAURS, (a) Fabrosaurus, in which the upper and 
lower teeth alternate with one another. From Tbulborn, 1971. By per- 
mission of the Zoological Society of London, (b) Heterodontosaurus. 
From Charig and Crompton, 1974. ( c ) Diagrammatic cross-section to 
show occlusal pattern in hadrosaurs. The same basic pattern also applies 
to most other ornithopods. From Ostrom, 1961. (d) Hadrosaur tooth 
battery in medial view showing many ranks of replacement teeth. From 
Ostrom, 1961. 

and pattern of tooth replacement is modified relative to 
more primitive dinosaurs to maintain an even cutting edge. 
The late Triassic genus Pisanosaurus has a similar pattern 
of tooth wear and may belong to this family, although it 
does not have a lower caniniform tooth (the anterior part 
of the upper dentition is not known). 

The forelimbs of Heterodontosaurus are consider- 
ably longer and more powerfully built than those of Fab- 
rosaurus and may have been used for support in quad- 
rupedal locomotion (Figure 14-31). The nature of the 
elbow joint, with a prominent olecranon, indicates that 
the manus was capable of powerful grasping. The carpus 
is more fully ossified than in other ornithischians and may 
provide a model for the primitive pattern in the group 
(Figure 14-32). Interestingly, there is a small pisiform, 
that is missing or unossified in most other archosauro- 
morphs. Digits four and five are much smaller than the 
first three. 



Figure 14-31. RESTORATION OF THE SKELETON OF HETER- 
ODONTOSAURUS. 50 centimeters tall. From Santa Luca, 1980. 


Figure 14-32. HETERODONTOSAURUS. (a) Forelimb and (b) hind- 
limb. Abbreviations as follows: c, centrale; ra, radiale; ul, ulnare. From 
Santa Luca, 1 980. 

The pelvis resembles that of fabrosaurids but lacks 
an obturator process. The joint surfaces between the fe- 
mur and the fused tibiofibula indicate that the limb was 
not held absolutely vertically but, as in modern birds, the 
femur was slightly abducted. The knee is angled well for- 
ward. The astragalus and calcaneum are almost indistin- 
guishably fused to the ends of the crus, and the distal 
tarsals are fused to the ends of the metatarsals that are, 
in turn, fused to one another proximally in a nearly avian 
pattern. The fifth digit is lost. The first is shorter than the 
next three, and the phalanges are somewhat divergent. 

HYPSILOPHODONT1DS 

The fabrosaurids may have given rise directly to the late 
Jurassic and Cretaceous hypsilophodontids, which in turn 
gave rise to the iguanodontids and hadrosaurs (Figure 14- 
33). The hypsilophodontids form a conservative group 
that is widespread but neither common nor diverse. They 
appear as a continuation of the fabrosaurid habitus 
as modest-sized, light-bodied, cursorial bipeds (Figures 
14-34 a, b). 

All are advanced over the early fabrosaurids in the 
medial position and regular occlusion between the upper 
and lower teeth. In Hypsilophodon, the teeth were re- 
placed in groups of three and maintained a functional 
shearing surface more effectively than did the alternate 
replacement of primitive reptiles, although the resulting 
wear pattern appears less regular than that of Hetero- 
dontosaurus. 

The upper temporal openings of hypsilophodontids 
are larger than in fabrosaurids. The fused parietals form 
a medial crest. The lower jaw exhibits a high coronoid 
process. Teeth are retained in the premaxilla. 

The best-known genus is Hypsilophodon from the 
Lower Cretaceous of England (Galton, 1974), which is 
less than 5 meters long. In contrast with the fabrosaurids, 
an anterior prepubic process extends upward toward the 
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Iguanodontidae Hadrosauridae 
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Figure 14-33. CLADOGRAM OF THE ORNITHOPODA. 

Node A — The Ornithopoda: spinelike anterior pubic process; obturator 
process on ischium; bipedal; six teeth in premaxilla. 

Node B — Hooked posterior margin to coracoid; thumbprint scar on 
femoral shaft; skull kinetic and pleurokinetic; adjacent maxillary and 
dentary teeth interlock; maxillae meet in midline in recess in premaxillae, 
coronoid with dorsal expansion; median ventral recess in premaxillae; 
median ridge on dentary teeth. 

Node C — Premaxilla contacts prefrontal and lacrimal; dentary forms 
elevated coronoid process; reduced antorbital fenestra; median ridge on 
maxillary teeth; premaxillary teeth absent; posterior alveoli of dentary 
lie medial to coronoid process; quadrate is notched and forms part of 
the quadrate foramen; ischium curved and footed; bilobed ventral pro- 
cess on predentary. 

Node D — Metatarsal V lost; fourth trochanter of femur low and crested, 
femur longer than tibia; anterior pubic process laterally flattened and 
deep; anterior intercondylar groove on femur; snout elongated (ex- 
tended premaxillae, maxillae and nasals). 

NodeE — Dental magazines; palpebral lost/fused; maxillary and dentary 
teeth lozenge-shaped; quadrate foramen lost; manus digit 1 lost; met- 
atarsals I and V lost; antitrochanter on ilium. 

Node F — Metacarpal I in carpus; carpus massive; robust forelimb and 
shoulder girdle; shaft of femur curved; broad asymmetrical teeth; post- 
acetabular blade deep. 

Fabrosauridae = Lesothosaurus ( = Fabrosaurusf), Echinodon, Nano- 
saurus. Scutellosaurus, Alocodon and Trimucrodon are considered pro- 
visionally incertae sedis. 

Hypsilophodontidae = Hypsilophodon, Zepbyrosaurus, Tbescelosau- 
tus, Tenontosaurus. 

Dryosauridae = Dryosaurus (= Dysalotosaurus), Valdosaurus and 
? Parksosaurus and Mocblodon. 

Iguanodontidae = Camptosaurus, Iguanodon, Ouranosaurus, Vecti- 
saurus and (?) Probactrosanrus + Muttaburrasaurus and Craspedodon. 
Fladrosauridae = Bactrosaurus and all the other hadrosaurine and 1am- 
beosaurine hadrosaurs. From Milner and Norman, 1 984. 

dp of the ilium. The ischium has a strongly developed 
obturator process near the midpoint of its length. Ossified 
tendons sheath the end of the tail. 


1GUANODONTIDS 

Two other ornithopod groups that are characterized by 
larger body size and a graviportal posture evolved from 






Figure 14-34. ( a ) Skeleton of Hypsilophodon, a small ornithischian 

that may represent the main lineage of ornithopod evolution, 3 meters 
long, (£>) Skull of Hypsilophodon. Abbreviations as in Figure 8-3. From 
Galton, 1974. 

animals that resembled the hypsilophodontids. The more 
primitive group, the iguanodontids, appear in the Middle 
Jurassic, reach their greatest diversity at the end of the 
Lower Cretaceous, and continue to the end of the Me- 
sozoic. 

Camptosaurus (Figure 14-35) is a well-known early 
iguanodontid. Its body length of approximately 6 meters 
exceeds that of most hypsilophodontids. The preorbital 
region of the skull is considerably elongated, the size of 
the antorbital fenestra is greatly reduced, and the pre- 
maxillary teeth are lost. The single row of marginal teeth 
resemble those of hypsilophodontids, except for the com- 
plete loss of the enamel on the wear surface. 

The neck is long and the centra of the cervical ver- 
tebrae are opisthocoelous, as in advanced saurischians. 
There are 26 to 28 presacral vertebrae, an increase of 4 
to 6 over primitive ornithischians. 

The limbs are more massive, the tibia is shorter than 
the femur, and the metatarsals are short and stout. The 
manus ends in blunt claws that were probably capable of 
supporting the body in awkward quadrupedal locomo- 


p po f x Supraorbital 



Antorbital Predentary 

fenestra 


Figure 14-35. CAMPTOSAURUS. TFie skull of the primitive Upper 
Jurassic iguanodontid. Abbreviations as in Figure 8-3. From Ostrom, 
1961. 
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Figure 14-36. SKELETON OF THE IGUANODONTID OURANO- 
SAVRUS FROM THE LOWER CRETACEOUS. This genus represents 
the pattern from which hadrosaurs may have been evolved. From Ta- 
quet, 1975. 



tion. In the Lower Cretaceous genus lguanodon, which 
was one of the first dinosaurs to be described, the first 
digit of the manus ends in a huge spike set at right angles 
to the other digits (Norman, 1980). 

The late Lower Cretaceous genera Onranosaurus 
(Figure 14-36) and Probactrosaurus provide appropriate 
ancestors for the next advance in ornithopod evolution, 
the family Hadrosauridae. 

HADROSAURS 

The hadrosaurs or “duck-billed” dinosaurs were common 
and varied in the Upper Cretaceous of North America 
and Eurasia, and a single species has been reported from 
South America. The presacral vertebral column was elon- 
gated relative to more primitive ornithopods. Within had- 


rosaurs, the number of cervical vertebrae increased from 
12 to 15. There were 15 to 19 trunk vertebrae, as well 
as 8 sacrals. The anterior trunk as well as the cervical 
centra are opisthocoelous. The tail is laterally compressed, 
and the neural and haemal spines of the tail are greatly 
elongated (Figure 14-37). 

The appendicular skeleton resembled that of the 
iguanodontids but was somewhat heavier and had longer 
forelimbs that bore small hoofs on the digits rather than 
claws. Nevertheless, we think that they were habitually 
bipedal. 

Much more important changes were evident in the 
skull. Instead of a single row of functional teeth in each 
jaw ramus, a series of replacement teeth were exposed 
simultaneously. There were 45 to 60 tooth positions in 
each jaw, each with several replacement teeth in sequence, 
giving a total of as many as 700 teeth that were exposed 



Figure 14-37. ANATOSAURUS. The primitive, noncrested hadrosaur is shown in running pose. From Galton, 1970a. 
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at once. Ostrom (1961) argued that the upper and lower 
tooth batteries sheared past one another, with the pter- 
ygoideus acting as a protractor and the posterior adductor 
acting as an antagonist to retract the jaws (Figure 14-38). 
In contrast, Weishampel (1983) provided evidence that 
the jaws were closed primarily vertically but that chewing 
also involved transverse movements of the dentition that 
were produced by rotating the maxillae. 

In many, but not all, hadrosaur genera, the skull was 
greatly elaborated with crests of various sizes and shapes 
(Figure 14-39). Hopson (1975) and Dodson (1975) ar- 
gued that the crests and other specializations of the nasal 
region were associated with species recognition. Weis- 
hampel (1981) provided evidence that the hollow crests 
of lambeosaurine hadrosaurs functioned as vocal reson- 
ators to produce species-specific call notes. 

The habitat of hadrosaurs has long been in dispute. 
Skin impressions show that the hands were webbed as 
would be expected in aquatic forms. The lateral compres- 
sion and vertical expansion of the tail would have pro- 
vided an effective swimming organ. These factors have 
led to the conclusion that hadrosaurs spent much of their 
time in the water and fed on aquatic vegetation. On the 
other hand, Ostrom (1964a) argued that the highly spe- 
cialized dentition would have been well suited to hard, 
fibrous terrestrial plants. The joint surfaces are highly 
ossified to support the body on land, and the ossified 
tendons would make the tail too rigid to serve as an 
effective paddle. 



(«) 

Common 



(b) Common 
median 



(c) Dorsal ascending tract 



Figure 14-39. INTERNAL ANATOMY OF THE CREST OF LAM- 
BEOSAUR1NE HADROSAURS. Weishampel described the acoustic 
properties which would provide for species recognition. ( a ) Corytho- 
saurus. ( b ) Larnbeosaurus. (c) Parasaurolophus. Prom Weishampel, 1981. 


Most of the remains of hadrosaurs are from low- 
lying deposits of coastal planes and the margins of rivers. 
The absence of immature individuals led to the hypothesis 
that hadrosaurs migrated to higher land to reproduce. 
This assumption has been strikingly confirmed by the dis- 
covery of nesting sites in the foothills of the ancestral 
Rocky Mountains (Horner, 1984). The great success of 
hadrosaurs may have been the result of their capacity to 
inhabit a range of different environments. We may as- 
sociate the change in dental patterns and the subsequent 
success of hadrosaurs with the proliferation of the angio- 
sperms at the beginning of the Upper Cretaceous. 

There were at least 26 genera of hadrosaurs in the 
Upper Cretaceous. Of two subfamilies, only the Hadro- 
saurinae, which lacked a crest, continued to the very end 
of the period. 

We can include fabrosaurids, hypsilophodontids, 
iguanodontids, and hadrosaurs in the single suborder Or- 
nithopoda. They are united by a unique derived character, 
the presence of an obturator process on the ischium (see 
Figure 14-28), and are also linked by a series of morpho- 
logical intermediates. The remaining ornithischian groups 
lack an obturator process and may have evolved sepa- 
rately from the base of this assemblage (Sereno, 1986). 


CERATOPSIANS 


Figure 14-38. OCCLUSAL PATTERN OF THE HADROSAUR COR- 
YTHOSAURUS. Shown is propalineal movement of the lower jaw (a) 
protracted and ( b ) retracted, (a, b) prom Ostrom, 1961. Weishampel 
(1983) presents evidence that jaw closure was primarily vertical in this 
group, (c) Jaw mechanics in the ceratopsian Triceratops. Ceratopsians 
had a scissorslike jaw closer with no propalineal movement. Arrows 
show direction of force of major jaw muscles, (c) From Ostrom, 1964b. 


Our concept of the ceratopsians is based primarily on the 
well-known Upper Cretacous genera from North Amer- 
ica, as epitomized by Triceratops. These animals are stocky, 
quadrupedal herbivores. The posterior portion of the skull 
is extended as a huge frill that spreads over the neck 
region. These forms are further distinguished by a variable 
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Figure 14-40. LEPTOCERATOPS, the North American Upper Cretaceous ceratopsian. From Russell, 1970b. 


pattern of “horns” in the nasal region and above the eyes. 
The end of the snout is in the form of a laterally com- 
pressed “beak” that overhangs the lower jaw and ter- 
minates in a unique rostral bone that is comparable to 
the predentary in the lower jaw. We find the most ad- 
vanced of the ceratopsians, the family Ceratopsidae, only 
in western North America. 

Ceratopsians with somewhat less-specialized cranial 
anatomy, placed in the family Protoceratopsidae, are known 
in both North America and eastern Asia in the Upper 
Cretaceous (Figure 14-40). A further Asian genus, Psit- 
tacosaurus (Figure 14-41), from the Lower Cretaceous is 


thought to have been bipedal rather than quadrupedal 
and may provide a link with the base of the ormthischian 
stock. In both P sittacosaurus and the protoceratopsids, 
the tibia is much longer than the femur, which suggests 
cursorial locomotion. The skull of P sittacosaurus is com- 
parable with that of later ceratopsians in having a beaklike 
nasal area, including a rostral bone, and one species has 
a nasal horn, but there is no evidence of the frill that 
characterizes the Upper Cretaceous families. This genus 
cannot be directly ancestral to the later families since it 
is more advanced in the closure of the antorbital fenestrae 
that are present in protoceratopsids and the reduction of 
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the fourth and fifth digits of the manus. These three groups 
appear to represent distinct radiations from an earlier 
ceratopsian stock. 

The oldest putative ceratopsian is a single specimen 
of Stenopelix from the base of the Cretaceous in Germany 
(Sues and Galton, 1982). Its specific affinities with later 
ceratopsians are difficult to establish because the skull is 
missing, but the structure of the pelvis and rear limbs 
suggests that it is a member of this suborder. Despite its 
early appearance, it differs from psittacosaurids in having 
a femur that is longer than its tibia. The pelvis closely 
resembles that of the other members of the suborder in 
having a short prepubic process and a short posterior 
pubic process but no obturator process. As in other cer- 
atopsians, the feet remain primitive. The metatarsals are 
slender but not greatly elongated, and the phalangeal for- 
mula is 2, 3, 4, 5, 0. 

The pelvis of these ornithischians does not possess 
the one key feature that unites the ornithopods, an ob- 
turator process, but this absence might be expected in 
forms that have a short posterior portion of the pubis. 
The short prepubis together with the retention of pre- 
maxillary teeth in primitive ceratopsians suggest an early 
divergence from the ornithischian assemblage. We have 
not found any possible ceratopsian ancestors in the Jur- 
assic; no fossils of this suborder are known in the southern 
hemisphere. 

The success of ceratopsians in the Upper Cretaceous 
may be attributed to a highly specialized feeding mech- 
anism (Ostrom, 1966). This apparatus involves the den- 
tition, the configuration of the lower jaw, and the long 
frill formed by the squamosal and parietal. The teeth are 
arranged in a single functional row in each jaw ramus. 
The individual teeth resemble those of hadrosaurs in hav- 
ing leaf-shaped crowns in which the enamel is restricted 
to the medial surface of the lower teeth and the lateral 
surface of the upper teeth. 

Although only a single row of teeth was functional 
at a given time, the teeth were apparently replaced very 
rapidly so that the ones at the jaw margin were always 
sharp. Tooth occlusion was produced by vertical shear 
that resulted from a scissorslike closure of the jaw. Le- 
verage on the lower jaw was increased by the high co- 
ronoid process. Much of the force of jaw closure was 
provided by the adductor mandibulae posterior that ex- 
tended posterodorsally behind the jaw, through the upper 
temporal fenestra, and out over the dorsal surface of the 
squamosal-parietal frill (see Figure 14-38c). 

Although the primary function of the frill apparently 
was for muscle attachment, Rowe, Colbert, and Nations 
(1983) pointed out that the edge of the skull in some 
genera extended well beyond the area of muscle attach- 
ment. In genera such as Triceratops, in which the skull 
forms a nearly continuous bony surface, it would have 
served for protection from attack. In other genera such 
as Pentaceratops, there are large openings that would be 
vulnerable to injury by either predators or members of 


the same species. The large size of the frill would have 
made it important for species recognition and sexual se- 
lection, as is the case in many large mammalian herbivores 
(Farlow and Dodson, 1975). 

PACHYCEPHALOSAURS 

It was long thought that all advanced ornithischian groups 
might trace their origin to the primitive ornithopods. 
However, the remaining groups apparently evolved from 
an even more primitive stage at the very base of orni- 
thischian evolution, because they share no derived fea- 
tures with even the most primitive ornithopods that are 
not present in all ornithischians. 

All retain a simple dentition that is composed of a 
single row of teeth with leaf-shaped crowns that have 
enamel on both surfaces. The predentary is small, and the 
upper teeth continue onto the premaxilla in primitive 
members of each of the groups. They are all advanced 
over the early fabrosaurids in having cheeks, but all lack 
the obturator process that characterizes that group and 
other ornithopods. 

The pachycephalosaurids are relatively small, bipedal 
forms that are known primarily from the Upper Creta- 
ceous of Asia and North America, with one genus from 
Madagascar (Sues, 1980; Sues and Galton, 1987). The 
postcranial skeleton resembles that of primitive ornitho- 
pods except in having a very short posterior process on 
the pubis and a long prepubis. The acetabulum is formed 
entirely by the ilium and ischium. 

The most striking feature of pachycephalosaurids is 
the domed appearance of the skull (Figure 14-42). The 
very high forehead is not a reflection of a large brain, 
however, but an enormously thickened frontoparietal. A 
knobby occipital frill is variably developed and may be 
ornamented with short spikes. 

Galton (1970b) suggested that the skuli was used as 
a battering ram in intraspecific combat, like the horns of 
sheep and goats. The pattern of the thickening would most 
effectively resist blows directed against the top of the 
skull, which suggests that they ran at each other with the 
trunk held horizontally. The internal structure of the skull 
is also specially reinforced with extra ossifications around 
the brain and by closing the interorbital spaces. In ad- 
vanced genera, the dorsal temporal openings are also closed. 

The Asian genera Goyocephale and Homalecephale 
have essentially the same pattern of skeletal organization 
as other pachycephalosaurs but lack a frontoparietal dome. 
The frontoparietal is thickened and ornamented with either 
pits or tubercles, which implies a mode of fighting that is 
comparable to that observed in the marine iguana Am- 
blyrhynchus. 

The oldest known pachycephalosaur is the genus 
Yaverlandia from the Lower Cretaceous of England, which 
is represented by a distinctively thickened skull cap. Mar- 
yanska and Osmolska (1974) described several genera 
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Figure 14-42. SKULL OF THE PACHYCEPHALOSAURIDS HOMO- 


from the Upper Cretaceous of Mongolia. They argue that 
pachycephalosaurs should be recognized as a distinct sub- 
order of ornithischians because of their distinctive skel- 
etal anatomy and the absence of derived characters that 
link them with any of the other advanced ornithischian 
groups. 

ARMORED ORNITHISCHIANS 

All the ornithischian groups that have been discussed thus 
far have lost the armor that was present in their thecodont 
ancestry. Other ornithischians retained or elaborated der- 
mal protection (Figure 14-43). Extensive armor is present 
in Scute llosaurus from the Lower Jurassic of North Amer- 
ica, which otherwise resembles the early ornithopods, and 
in Scelidosaurus from Europe. Better-known armored 
groups, the stegosaurs and ankylosaurs, are found in the 
Middle Jurassic through the Cretaceous. Both are strictly 
quadrupedal, although the rear limbs remain much larger 
than the front. The toes bear hoofs, rather than claws, 
and the posture is graviportal. 

Stegosaurs 

Stegosaurs are known from the Middle Jurassic into the 
Upper Cretaceous. The best-known form is Stegosaurus 
from the Upper Jurassic of North America, which has a 
double row of dermal plates that ate oriented vertically 
above the vertebral column (Figure 14-44). Farlow, 
Thompson, and Rosner (1976) argued that the orientation 
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Figure 14-44. STEGOSAURUS , the Upper Jurassic armored dinosaur. Redrawn from Gilmore, 1914. 


and alternating pattern of these plates would have made 
them admirably suited to radiate heat from their large 
body. Stegosaurus also has two pairs of bony spikes near 
the end of the tail. The skull is long and low. Kentrosaurus 
is a well-known form of similar morphology from the 
Upper Jurassic of East Africa (Galton, 1982b). Huayan- 
gosaurus, whose complete skeletons are known from the 
Middle Jurassic of China, may be close to the ancestry of 
stegosaurs. The group is also represented in the Middle 
Jurassic of Europe (Galton, Brun, and Rioult, 1980). 

A few scattered remains of this group are known in 
the Lower Cretaceous with possibly attributable frag- 
ments from the Upper Cretaceous of India (Galton, 1981). 


Ankylosaurs 

Ankylosaurs were the most effectively armored of all di- 
nosaurs (Figure 14-45). Their entire trunk was covered 
by a continuous mosaic of small, flat, interlocking, bony 
plates. Within this mosaic were larger, keeled plates. In 
the neck region, the armor was formed in half rings. The 
low, massive skull was covered by osteoderms that vaguely 
resemble those of scincomorph lizards (Figure 14-46). These 
plates were firmly attached to the underlying dermal bones 
of the skull roof and contributed to the closure of the 
dorsal temporal opening. The lateral opening was also 
covered in some genera, in which further plates extended 
from the cheek and skull table over the front of the neck. 



Figure 14-45. SKELETON AND ARMOR OF THE ANKYLOSAUR Restoration in (c) lateral and ( d ) dorsal views, showing pattern of armor. 

EUOPLOCEPHALUS. (a) Lateral and ( b ) dorsal views of skeleton. From Carpenter, 1982. 
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Figure 14-46. SKULL OF ANKYLOSAURUS. (a) Dorsal and (b) palatal views. Abbreviations as in Figure 8-3. brom Coombs, 1978. 


Coombs (1978) recognized two families in his recent 
review of the Ankylosauria. The Ankylosauridae are dis- 
tinguished by the elaboration of the end of the tail into 
a massive bony club, which integrates additional dermal 
plates with the caudal vertebrae. Members of the No- 
dosauridae lack the caudal expansion but are distin- 
guished by a solid fusion between the braincase and the 
palate. Some nodosaurs have long bony spines on the 
sides of the body that resemble the tail spines of the stego- 
saurs. 

Both families have short heavy limbs and an obli- 
gatorily quadrupedal stance. The ilium is peculiar in that 
it broadly overhangs the femur. It is greatly expanded 
anteriorly to support the armor and surround the pos- 
terior ribs and greatly enlarged abdominal region. There 
is no prepubic process. The pubis is small and is virtually 
excluded from the acetabulum; the acetabulum is imper- 
forate. At least eight vertebrae are incorporated in the 
sacrum. In advanced ankylosaurs, the head of the femur 
is terminal, rather than angled medially. 

Adequately known ankylosaurs are limited to the 
Cretaceous of North America, Europe, Asia, and possibly 
Australia. Galton (1980a, b) recognized several fragmen- 
tary specimens from the Middle through Upper Jurassic 
of Europe as probable ancestors. Sarcolestes from the 
middle Jurassic of England is represented by a nearly com- 
plete lower jaw in which the diagnostic ankylosaur dermal 
plates are fused to the external surface. The dentition 
extends to the distal end of the bone, with space for only 
a very small predentary. Cryptodraco from the Upper 
Jurassic is based on a femur that is similar to the North 
American nodosaurid Hoplitosaurus. Dracopelta from the 
Upper Jurassic of Portugal is known from a trunk region 
that is covered with ankylosaurlike armor. We have not 
found any forms that might link ankylosaurs with other 
ornithischians. 


Surprisingly, ankylosaurs are not known from the 
very rich Upper Jurassic deposits from North America, 
East Africa, and China. Galton suggests that they may 
have evolved in Europe and only reached the other con- 
tinents in the Cretaceous. Ankylosaurs are widespread in 
North America and Asia in the Upper Cretaceous, but 
only a single genus appears in the latest Mesozoic beds. 

Segnosauria 

In 1980, Barsbold and Perle recognized a new in- 
fraorder of dinosaurs based on recently discovered 
materia] from the Upper Cretaceous of Mongolia. The 
Segnosauria is represented by two genera, Segnosaurus 
and Erlikosaurus (Figure 14-47), much of whose skeletons 
are known. They are distinguished from all other dino- 
saurs by a combination of specializations of the pelvis and 
skull. The pubis, like that of ornithischian dinosaurs, has 
rotated posteriorly to lie parallel with the ischium, which 
has an ornithopodlike obturator process. However, the 
ilium is very short and gives the dorsal portion of the 
pelvis the appearance of primitive theropod dinosaurs. 
The skull resembles that of ornithischians in having the 
tooth row of the maxilla and dentary inset from the skull 
margin. As in that order, the premaxilla is toothless. Seg- 
nosaurs lack the predentary bone that is diagnostic of 
ornithischians, but the anterior extremity of the dentary 
is toothless. Barsbold and Perle suggest that the end of 
the upper and lower jaws was covered by a horny beak. 

Barsbold and Perle place the Segnosauria among the 
theropod dinosaurs, but the known genera show no de- 
rived characters that support that assignment. Paul (1984) 
argues that the segnosaurs belong to an otherwise unre- 
presented lineage that diverged from the base of dinosaur 
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Figure 14-47. REPRESENTATIVES OF THE SEGNOSAURIA. (a) Skull 
of Erlikosaurus. From Paul, 1984. ( b ) Pelvic girdle of Segnosaurus. From 
Barsbold, 1983. (c) Dorsal view of right pes of Erlikosaurus. From 
Barsbold and Perle, 1980. 

radiation dose to the point of divergence of prosauropods 
and the ornithischians. Aside from the specializations of 
the dentition and pelvis, most of the characters of this 
group reflect a primitive level of evolution that more closely 
resembles that of Upper Triassic than other Upper Cre- 
taceous dinosaurs. The foot, with four complete digits 
and an unconsolidated metatarsus, resembles that of pla- 
teosaurs and is far more primitive than that of even the 
earliest theropods. Paul points out that the combination 
of prosauropod and ornithischian features exhibited by 
these genera further supports the common ancestry of the 
two long-recognized dinosaur orders above the level of 
the thecodonts. The large number of derived characters 
that are shared by prosauropods, segnosaurs, and orni- 
thischians suggests that all the herbivorous dinosaurs may 
belong to a single, monophyietic assemblage. 


Summary 

Dinosaurs were the dominant terrestrial vertebrates 
from the Late Triassic until the end of the Mesozoic. 
They are characterized by the vertical posture of the rear 
limbs and their movement in a parasagittal plane. Early 
dinosaurs are differentiated from thecodonts by perfo- 
ration of the acetabulum, inturning of the head of the 
femur, and the establishment of a mesotarsal joint be- 
tween the proximal and distal tarsals. The calcaneum has 
lost the posterior tuber and the metatarsals are elongate. 
The structure and function of the rear limb are closely 


comparable with those of modern birds. Many early di- 
nosaurs were bipedal, but we are not certain that this was 
a common heritage of all lineages. 

Dinosaurs are divided into two large groups, the saur- 
ischians and the ornithischians, that probably shared a 
common ancestry at about the level of the lagosuchid 
thecodonts. The saurischians are further divided into the 
carnivorous theropods and the herbivorous sauro- 
podomorphs. 

The oldest-known dinosaur is Staurikosaurus from 
the latest middle Triassic of Brazil. It may be related to 
the large theropods of the Jurassic and Cretaceous. 

Jurassic and Cretaceous theropods include the largest 
terrestrial carnivores that have ever lived. The customary 
subdivision into smaller coelurosaurs and larger carno- 
saurs can no longer be justified, but we have not yet 
established an alternative classification. 

Podokesaurids include a variety of small- and me- 
dium-sized carnivores of the Upper Triassic and Lower 
Jurassic. The coelurids and compsognathids represent a 
central stock of small theropods that were common in the 
Upper Jurassic. Ornithomimids, or ostrich dinosaurs, were 
widespread in the Cretaceous. They had a large bulbous 
braincase like birds and lacked teeth. Dromaeosaurs in- 
clude one of the most striking of carnivorous dinosaurs, 
Deinonychus, which bears an enormously enlarged claw 
on its rear foot. The dromaeosaurs and saurornithoidids 
are moderate-sized carnivores from the Cretaceous with 
the largest brain size to body weight ratio of any dino- 
saurs. Large theropods are represented throughout the 
Jurassic and the Cretaceous by the megalosaurs. The 
even larger tyrannosaurids were restricted to the Upper 
Cretaceous. 

Prosauropods are among the most primitive of di- 
nosaurs. These herbivores were common and widespread 
in the late Triassic and early Jurassic. Primitive members 
may have been ancestral to the sauropods, which were 
the largest of all dinosaurs and weighed up to 80,000 
kilograms. Six families of sauropods are common in the 
Jurassic and Cretaceous. 

Ornithischians form a clearly defined monophyietic 
group that is characterized by the common presence of a 
predentary bone and posteriorly directed pubis. All or- 
nithischians are herbivores, and in all but the earliest gen- 
era the teeth are inset from the margins of the jaws, which 
indicates the presence of fleshy cheeks. 

The earliest ornithischian is Pisanosaurus from the 
Upper Triassic of South America. Fabrosaurids and het- 
erodontosaurids appear in the early Jurassic; both are 
small, obligatorily bipedal forms. Fabrosaurids, hypsilo- 
phodontids, iguanodontids, and hadrosaurs constitute a 
monophyietic assemblage, the suborder Omithopoda, that 
is united by the presence of an obturator process on the 
ischium. In many hadrosaurs, the nasal passages were 
greatly elaborated with crests extending above the skull. 
They may have served for species recognition and sexual 
selection. 
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The Pachycephalosaurids, the ceratopsians, and the 
armored dinosaurs each evolved separately from the base 
of the ornithischian assemblage. The pachycephalosaurs 
are bipedal forms with a thickened frontoparietal region 
of the braincase that may have been used for intraspecific 
combat. 

Ceratopsians are represented by three families, the 
bipedal psittacosaurids and the horned, quadrupedal pro- 
toceratopsids and ceratopsids. All are restricted to the 
Cretaceous. Stegosaurs and ankylosaurs are armored di- 
nosaurs. Stegosaurs have a double row of alternating der- 
mal plates that are oriented vertically along the back and 
spines on the tail. This group is known primarily from 
the Jurassic. Ankylosaurs, which we find primarily in the 
Cretaceous, have nearly continuous armor over the entire 
trunk region, and one family has an armored club at the 
end of the tail. 

The newly discovered segnosaurs from the Upper 
Cretaceous of Asia represent a distinct lineage combining 
features of primitive Upper Triassic dinosaurs with dental 
and pelvic characteristics of ornithischians. 
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The Biology and 
Extinction of Dinosaurs 


’S'S- 




Dinosaurs were the dominant terrestrial vertebrates from 
the late Triassic to the end of the Cretaceous. During this 
time, they occupied a wide spectrum of adaptive zones 
that were broadly comparable to those of large herbiv- 
orous and carnivorous mammals in the Tertiary. Despite 
their long period of dominance, dinosaurs became extinct 
during a very short period at the end of the Mesozoic, 
when they were still near the peak of their diversity with 
a worldwide distribution and without evident competi- 
tors. 

How did dinosaurs achieve such a position of dom- 
inance and why did they suddenly become extinct, only 
to be replaced by the descendants of the Mesozoic mam- 
mals with which they had lived since the close of the 
Triassic? 

Were the dinosaurs wiped out by a catastrophic event 
at the end of the Cretaceous that mysteriously spared most 
other groups of terrestrial vertebrates, or did dinosaurs 
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have a unique physiology that was particularly well suited 
to conditions during the Jurassic and Cretaceous but that 
was not sufficiently sophisticated to cope with climatic 
changes that led to the success of Tertiary mammals? 

To answer these questions, it is necessary to consider 
first the evidence for the possible physiological speciali- 
zations of the dinosaurs and then to evaluate the nature 
of the extinction event at the end of the Mesozoic. 


Biology 

Soon after the recognition of dinosaurs in the early 

nineteenth century, it was realized that their closest 
skeletal resemblance to living animals lay with the lizards 
and crocodiles. Since these modern reptiles have a low 
metabolic rate and limited capacity for sustained activity, 
it was long assumed that dinosaurs had a similarly slug- 
gish way of life. During the past 15 years, much evidence 
has been presented to suggest that dinosaurs differed sig- 
nificantly from modern reptiles physiologically and may 
have more closely resembled modern mammals and birds. 
This subject is discussed most comprehensively in A Cold 
Look at the Warm-Blooded Dinosaurs (Thomas and Ol- 
son, 1980). Several lines of evidence suggest that dino- 
saurs were more active animals than any living reptiles. 

POSTURE AND GAIT 

All dinosaurs had a more upright posture than any living 
reptiles. This fact is demonstrated by the anatomy of the 
limbs and girdles and by evidence from footprints that 
show narrow trackways like those of the cursorial mam- 
mals and birds. The limbs of modern reptiles are normally 
sprawled to the side. They can raise themselves on the 
limbs when moving rapidly but spend most of the time 
resting with their bellies on the ground. 

The absence of skeletal specializations to facilitate a 
fully erect posture in reptiles other than dinosaurs can be 
associated with their basic metabolic limitations. Modern 
reptiles rely primarily on fermentative metabolism for 
muscle contraction, which leads to a rapid build up of 
lactic acid; strenuous activity can only be sustained for a 
few minutes and must be followed by a long period of 
recovery. No living reptiles are capable of sustained run- 
ning, in contrast with most mammals, which rely mainly 
on oxidative metabolism for continued muscle contrac- 
tion (Bennett and Dawson, 1976; Bennett, 1982). 

Selection probably would never lead to the evolution 
of limbs and girdles that were capable of habitually up- 
right posture in animals with a typically reptilian physi- 
ology. Hence, the upright posture of all dinosaurs suggests 
that they had the capacity for more continuous activity 
than do any living reptiles. Coombs (1978) argued that 
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the limb proportions of some dinosaurs are specifically 
comparable to those of cursorial mammals. 

One can argue that an upright posture was necessary 
for most dinosaurs since their bones would not have had 
the strength to support their great weight unless they were 
oriented vertically, nor could the muscles lift or support 
the body if the limbs had the sprawling attitude of lizards 
and crocodiles. However, this argument does not apply 
to the many small dinosaurs, such as the early ornithis- 
chians and many coelurosaurs. In fact, these small di- 
nosaurs have fully erect rear limbs and their obligatorily 
bipedal stance argues for sustained muscle activity to 
maintain balance and sustain locomotion. It seems par- 
ticularly significant that the earliest known dinosaurs and 
their probable ancestors among the lagosuchid thecodonts 
were both comparatively small and had an erect posture. 
This fact suggests that the emergence of dinosaurs was 
associated with advances in their metabolic capacities that 
enabled them to have sustained periods of activity, in 
contrast with most primitive amniotes. 

Sustained periods of muscle activity would have re- 
quired a shift to mainly oxidative metabolism and a con- 
stant supply of both oxygen and nutrients to the body 
tissues. These modifications, in turn, would have required 
changes in the digestive, circulatory, and respiratory sys- 
tems toward a pattern approaching that of mammals or 
birds. Unfortunately, little is preserved in the fossils that 
provides evidence of these changes. 

Although the limbs and girdles of all dinosaurs are 
advanced over the pattern of other reptiles, they have not 
achieved a wholly mammalian character. Hotton (1980) 
pointed out that the large amounts of cartilage in the joints 
of dinosaurs would preclude the rapid acceleration com- 
mon to cursorial mammals and that the shape of the joint 
surfaces suggests the short strides of a walking gait, rather 
than the fleetness of a gazelle or a jaguar. Nevertheless, 
the upright posture of all dinosaurs is closer to the pattern 
of large mammals than it is to more typical reptiles. 

It is more difficult to establish whether dinosaurs 
were truly close to the mammals and birds in their meta- 
bolic physiology, or whether they were simply exceptional 
reptiles. 

ECTOTHERMY AND ENDOTHERMY 

The metabolism of living mammals and birds differs from 
that of most fish, amphibians, and reptiles in several re- 
spects: the possible duration of strenuous activity, the 
resting metabolic rate, the metabolic scope (the difference 
between resting metabolism and the rate when undergoing 
strenuous activity), the degree of temperature control, and 
the primary source of body heat. 

Metabolic rate is measured in terms of the amount 
of oxygen used per gram of body weight per unit time 
(Figure 15-1). It is significantly influenced by the total 
weight of the animal. In mammals, which have been most 
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Figure 15-1. Comparison of the relationship of weight-specific meta- 
bolic rate to body height for lizards (L) resting at 37° C with the rela- 
tionships of basal metabolic rare to body weight for birds (B) and mam- 
mals (M). From Bennett and Dawson, 1 976. 


extensively studied, the relationship is expressed by the 
formula M std = 17(W)~°- 2J , where M std is the resting 
metabolic rate and W is the weight of the animal. 

For a given body weight, the resting metabolic rate 
for mammals is approximately 10 times that of modern 
reptiles. During strenuous activity, this rate in reptiles may 
increase by six- to fifteenfold and in mammals by 20 to 
30 times. The metabolic scope in mammals is approxi- 
mately twice that of modern reptiles, but the difference 
is much less than that between the standard metabolic 
rates. 

Except when hibernating or in a torpid state, all 
mammals and birds maintain a constant body tempera- 
ture that is substantially higher than that of the environ- 
ment. Because of the constancy of their body temperature, 
they are termed homoiotherms. Until about 40 years ago, 
it was thought that the body temperature of all modern 
reptiles fluctuated directly with the environmental tem- 
perature, which is why they were termed poikilotherms. 
It is now recognized that a great many reptiles control 
their body temperature by behavioral means and maintain 
a nearly constant body temperature during their time of 
maximum activity that is in the range of the birds and 
mammals. 

A much more important factor in distinguishing birds 
and mammals from most reptiles is the source of their 
body heat. Reptiles that maintain a constant body tem- 
perature above that of the environment do so mainly 
through the absorption of radiant heat from the sun. Since 
this heat source is external to the body, they are termed 


ectotherms. In contrast, mammals and birds rely primarily 
on their higher metabolic rate to raise their body tem- 
perature. Since this is an internal heat source, they are 
designated endotherms. 

Can the apparently greater degree of activity in di- 
nosaurs be correlated with a significantly higher metabolic 
rate than that of modern reptiles? This conclusion may 
be supported by their bone histology. 

BONE HISTOLOGY 

In an extended review of the histology of vertebrate skel- 
etal tissue, Enlow and Brown (1958) observed that the 
pattern seen in some dinosaurs closely resembles that of 
large mammals rather than that of other reptiles or am- 
phibians. Ricqles (1969, 1978, 1980) used their obser- 
vations to argue that the metabolism of dinosaurs prob- 
ably exceeded the typical reptilian rate. 

Two major differences are evident between the bones 
of dinosaurs and larger mammals on one hand and other 
reptiles on the other. Mammals and dinosaurs rarely show 
distinct growth lines, which are common in typical rep- 
tiles. The absence of growth lines points to a more con- 
stant internal environment such as is maintained by warm- 
blooded animals. Dinosaurs and mammals also show a 
much higher proportion of remodeled secondary bone, 
which is associated with numerous Haversian canals that 
carry large blood vessels. This feature suggests accom- 
modation to more rapid metabolic processes, including 
rapid sustained growth, elevated temperature, and rapid 
cycling of minerals between the bones and the body fluid. 

These factors all point to metabolic activity that is 
higher than that of typical reptiles, but there is as yet no 
way of establishing how close it may have been to the 
mammalian level nor is it possible to distinguish whether 
the bone histology is related to an elevated or constant 
body temperature or to an elevated metabolic rate per se. 

Lanyon (1981) argued that continued and extensive 
reorganization of bone tissue is particularly important in 
animals of great body weight, regardless of metabolic rate. 
The dinosaurs whose bone histology is most similar to 
the mammalian pattern are the gigantic sauropods, which 
on other grounds seem to show the least evidence for 
mammalian physiology. On the other hand, a relatively 
small specimen of Allosaurus shows a much more typi- 
cally reptilian bone histology, although the skeletal anat- 
omy and brain size among the theropods strongly suggest 
a mammalian level of physiology (Madsen, 1976). In con- 
trast, tritylodonts, which were very advanced mammal- 
like reptiles that almost certainly approached the primitive 
mammals in their metabolic rate, retain a bone histology 
similar to that of typical reptiles (Sues, 1985). 

The histological evidence for endothermy is further 
compromised by the fact that some crocodilian bone is 
extensively remodeled, although these animals are typi- 
cally ectothermic. 
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COMMUNITY STRUCTURE 

Bakker (1971, 1972, 1975, 1980) attempted to use eco- 
logical arguments to demonstrate that dinosaurs had an 
essentially mammalian metabolic level. If dinosaurs, like 
mammals, need at least 10 times the food resources re- 
quired hy ectotherms of comparable body size, it might 
be possible to detect this difference in the relative number 
of fossils of predators and prey species. In communities 
of ectothermic vertebrates, such as Paleozoic amphibians 
and reptiles, the biomass of predator and prey species is 
approximately equal. Among modern species of mam- 
mals, in contrast, the proportion of predators is about 3 
percent that of prey. Bakker found essentially mammalian 
ratios in several dinosaur communities, which supports 
his contentions that the dinosaurs were endothermic at 
an essentially mammalian level. This argument assumes 
that predatory dinosaurs were food limited. 

However, there are several problems with this con- 
clusion. Clearly, it applies only to the predators and says 
nothing about the metabolism of the prey species. Exten- 
sive studies of the komodo dragon, a large varanid lizard 
of Indonesia, demonstrate that it is present in a ratio of 
3 percent or less of its prey species, and yet it is unques- 
tionably an ectothermic reptile (Hotton, 1980). Similar 
ratios are found in communities where the top predator 
is the garter snake. 

Predator/prey ratios cannot of themselves demon- 
strate that dinosaurs were endotherms of a mammalian 
grade, although no dinosaur community has been de- 
scribed in which the predator/prey ratio is at the level that 
would be expected if the predator species were ecto- 
thermic. 


BRAIN SIZE 

Hopson (1977, 1980) argued that there might be a general 
correspondence between the brain size of dinosaurs and 
their metabolic rate. Animals with a metabolic rate ap- 
proaching that of mammals would be expected to have a 
similarly effective sensory apparatus and to require a 
high level of integration between sensory input and motor 
activities. 

As with bone histology, there is no simple and com- 
plete correlation between brain size and metabolic rate 
among living vertebrates, but there is a broad relationship. 
In general, mammals have approximately ten times the 
brain size of modern reptiles of similar body weight (Fig- 
ure 15-2). 

Dinosaurs have long been stigmatized by the fact that 
their brain-size-to- body-weight ratio was extremely small. 
As in the case of their metabolic requirements, this ratio 
is directly related to their great absolute size. Among 
mammals, for which the greatest amount of data is avail- 
able, brain size is roughly proportional to the two-thirds 
power of body size. In a group such as modern carnivores 
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or artiodactyls, brain size conforms to the expression 
E = KP 2/3 , where E is brain size, P is body size, and K 
is a constant equal to the value of E when P = 1 (Jerison, 
1973). For mammals as a group, K = 0.12. From this 
equation, we can see that all large vertebrates will have 
relatively small brains. Since all dinosaurs are fairly large, 
it is not surprising that their brain size appears very small. 
Bauchot (1978) showed that there is a further diminution 
in relative brain size in the largest members of groups 
with very large body size, such as the whales and ungu- 
lates. Applying this factor to the largest dinosaurs shows 
that their brain size would be expected to be approxi- 
mately one-half the volume calculated from the expression 
E = KP m . 

Jerison (1973) elaborated a further procedure for 
comparing the relative size of the brain between species. 
He uses the term encephalization quotient (EQ) to indicate 
the ratio of measured brain size divided by the expected 
brain size within a particular group: EQ = EJE e . The 
expected brain size (corrected for body size) is determined 
empirically as the average size for all known members of 
a particular group. The average mammal is established as 
having a EQ of 1. On this scale, higher apes have an EQ 
of 4 and that of humans is 7. Modern reptiles as a group, 
compared with mammals, have an average EQ of 0.12. 

Hopson used Jerison’s and Bauchot’s work to re- 
evaluate the relative brain size of representatives of all the 
major dinosaur groups. If modern crocodiles are assigned 
an EQ of 1, dinosaurs show a spread from 0.17 to 5.8, 
with an average not far from the only living archosaurs. 
The sauropods score the lowest, with ankylosaurs and 
stegosaurs in the range of 0.55 to 0.60 and ceratopsians 
0.65 to 0.90. Only the ornithopods and theropods score 
substantially above the crocodiles. The highest EQ is pos- 
sessed by the “coelurosaur” Stenonycbosaurus, which alone 
overlaps with birds and mammals (Figure 15-3). 

A similar range of EQ is exhibited by modern mam- 
mals, from 0.2 for some marsupials and insectivores to 7 
for humans. (Note that these animals are compared with 
the mammalian standard, which is approximately 10 units 
above the crocodiles that were used as the standard for 
comparing dinosaurs.) Within mammals, there is not a 
good correlation between EQ and metabolic rate, but all 
mammals have both a high EQ and a high metabolic rate 
compared with all living amphibians and reptiles, which 
suggests that there is a generally strong relationship be- 
tween these properties. 

The fact that the average EQ of dinosaurs is similar 
to that of modern reptiles certainly does not support the 
contention that this group as a whole was endothermic. 
On the other hand, it might be argued that the very large- 
brained “coelurosaurs” did have a metabolic rate ap- 
proaching that of mammals and birds. This contention is 
further supported by the close relationship that probably 
exists between “coelurosaurs” and birds, as discussed in 
Chapter 16. Hopson concludes that dinosaurs in general 
may have had a somewhat higher metabolic rate than that 
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Figure 15-2. Brain-to-body-size relations in dinosaurs, pterosaurs, and the Jurassic bird Archaeopteryx superimposed on 
minimum convex polygons for living reptiles, birds, and mammals. Scale is log-log. The line with slope J passes through the 
approximate center of points for living crocodilians (open stars). New data for the endocast of Brachiosaurus indicates that 
the point for this genus should lie the same distance below the line of slope 3 as that for Diplodocus. Abbreviations: Pterosaurs 
(solid stars) — P.e., Pterodactylus elegans; P.k., Pterodactylus kochi; Pt., Pteranodon sp.; R., Rhamphorhynchus; S.p., “Sca- 
phognathus ” purdoni. Bird (starred circle) — A, Archaeopteryx. Dinosaurs — Al, Allosaurus; An, Anatosaurus; B, Brachio- 
saurus; C, Camptosaurus; D, Diplodocus; E, Euoplocephalus; I, lguanodon; K, Kentrosaurus; P, Protoceratops; S, Stenon- 
ychosaurus; Tr, Tnceratops; T, Tyrannosaurus. From Hopson, 1980. 


of modern reptiles, but only a few genera may have ap- 
proached true endothermy. 

UNIQUE FACTORS OF 
DINOSAUR PHYSIOLOGY 

Recent work suggests that dinosaurs may have had a met- 
abolic regime that was not simply intermediate between 
that of typical ectotherms and endotherms but one that 
differed significantly from both (Regal and Cans, 1980; 
Spotila, 1980). 

The most conspicuous feature of dinosaurs was their 
gigantic size. Only a few species weighed less than 5 kil- 
ograms, and many weighed a ton or more. In contrast, 
nearly all birds, mammals, and modern reptiles are much 
smaller. One of the most important effects of body size 
is its relationship to heat loss and gain. Because of the 
large surface-to-volume ratio and lack of insulation, most 
modern ectotherms, such as amphibians, lizards, and 
snakes, rapidly loose body heat. Rapid heat transfer ren- 
ders them effective ectotherms but makes endothermy dif- 
ficult to attain. 


In contrast, large animals such as giant land tortoises, 
adult crocodiles, and the komodo dragon can gain body 
heat from external sources more rapidly than it is lost; 
even during the night, their temperature does not drop to 
that of the surroundings. Spotila and his coworkers (1980) 
have demonstrated that a reptile with a body diameter of 
1 meter living in a subtropical climate would have a mean 
body temperature of approximately 34°C with a daily 
fluctuation of less than ± 1°. This figure is based entirely 
on the use of external heat sources, with no contribution 
from the animal’s own metabolism. Animals of these di- 
mensions that have a mammalian metabolic rate would 
need special structures or behavioral patterns to dissipate 
body heat, as is the case for large mammals such as the 
elephant. 

Animals the size of most dinosaurs could achieve a 
mammalian level of temperature control with no more 
than a typically reptilian metabolic rate. This pattern is 
termed inertial homoiothermy (Hotton, 1980). Such a 
high and constant body temperature would provide many 
of the advantages of mammalian endothermy without 
the cost. 
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Figure 15-3. Encephalization quotients (EQ) for the suborders of di- 
nosaurs (infraorders Carnosauria and Coelurosauria in the suborder 
Theropoda) calculated with reference to the line with the equation 
E — .005 P 2 ' i in Figure 15-2. Living crocodiles lie at 1.00. Note the 
break in the scale between 2.00 and 5.80. From Hopson, 1980. 


relied primarily on oxidative metabolism to sustain long 
periods of muscle activity, but this would not necessitate 
the high rate of oxygen and food consumption required 
for a mammalian type of temperature control. 

Large dinosaurs may have had a much lower meta- 
bolic rate than most mammals and still have been capable 
of sustained activity well above the level of typical reptiles 
as long as they lived in environments where the temper- 
ature did not have extremes of either hot or cold. Such a 
metabolic pattern accords with our interpretation of cli- 
matic conditions in the Mesozoic. Evidence from the ratio 
of oxygen isotopes in marine carbonates suggests a rel- 
atively high and constant temperature for much of the 
Mesozoic. This temperature pattern is associated with the 
low relief of most of the continents and large areas of 
continental seas, which resulted in maritime rather than 
continental climates over much of the earth. Under such 
conditions, dinosaurs would not have needed to cope with 
temperature extremes or rapid changes in temperature. 
Hotton (1980) suggests that dinosaurs may have migrated 
extensively to follow the most advantageous climatic con- 
ditions. Migration would explain the presence of their 
bones in the Arctic, above 70° latitude, where it was dark 
for much of the year even if temperatures were not below 
freezing. 

Large size appears to be a simple way to maintain a 
high and constant body temperature at low metabolic 
cost, but it would have rendered dinosaurs extremely vul- 
nerable to any climatic deterioration. Extremes of tem- 
perature, both high and low, would have been incapaci- 
tating or fatal if they were widespread or long lasting. 

Small dinosaurs and immature individuals of all spe- 
cies could not have been inertial homoiotherms. They 
would have been subject to rapid heat loss and would not 
be able to maintain high body temperature except by the 
use of environmental sources unless they had a relatively 
high metabolic rate or insulation. A few dinosaurs are 
known from skin impressions and none show evidence of 
insulation, although this lack cannot be demonstrated for 
most species. Baby dinosaurs were probably ectotherms 
but rapidly reached a size where they could maintain a 
high body temperature as a result of their bulk. 


Approximately 90 percent of the food consumed by 
small mammals is used simply for maintaining a constant 
high body temperature. Endothermy allows mammals to 
exploit a variety of environments that are not available 
to reptiles, including those that are continuously cold or 
dark, and enables them to achieve much smaller body size 
than did any dinosaurs. These advantages must be bal- 
anced by the fact that small endotherms must consume 
at least 10 times the amount of food required by an ec- 
totherm of comparable body weight. 

Dinosaurs almost certainly had a higher rate of ox- 
ygen consumption than do any modern reptiles if they 


SUMMARY OF METABOLIC PHYSIOLOGY 

The problem in reaching a definitive conclusion regarding 
the physiology of dinosaurs is that there are no closely 
comparable animals living today. In the modern verte- 
brate fauna, there is a clear distinction between ectoth- 
erms and endotherms. There are no vertebrates other than 
mammals that reach a size comparable to that of the large 
dinosaurs. We have no way of directly studying any an- 
imals that might be inertial homoiotherms. 

The predominance of forms with weights above 5 
kilograms makes dinosaurs unique among major groups 
of vertebrates and clearly contrasts them with both birds 
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and mammals. Their generally large size certainly had a 
great effect on their metabolic processes. Although some 
small dinosaurs may have had metabolic rates that ap- 
proached those of mammals, there is no direct evidence 
that this attribute was common for the group. Evidence 
from brain size and the structure and degree of ossification 
of the girdles and limbs suggests that dinosaurs as a group 
were distinct from both typical ectotherms and endoth- 
erms but may have had an intermediate metabolic rate 
approaching, but not necessarily reaching, that of birds 
and mammals. 

Birth and growth 

Eggs that include embryos or are closely associated 

with recently hatched young are known from sau- 
ropods, ornithischians, and ceratopsians. Recent discov- 
eries described by Horner (1984) show that particular 
nesting patterns are characteristic of different taxonomic 
groups and that some hadrosaurs apparently tended the 
young in the nest for some time after their hatching. Di- 
nosaur eggs reached sizes of 5 to 7 kilograms, which is 
small relative to the size of a 20-ton sauropod and may 
reflect the mechanical limits of eggshell and the relatively 
high surface-to-volume ratio that was necessary for the 
transmission of respiratory gases. 

Unlike birds and mammals, dinosaurs did not have 
determinant growth but continued to increase in size, at 
least slowly, as long as they lived. The limb bones show 
no evidence of separate epiphyseal ossifications, and the 
joint surfaces are more poorly defined than those of mam- 
mals and birds, w’hich indicates the persistence of a thick 
layer of cartilage. 

By analogy with modern crocodiles and carnivorous 
lizards, dinosaurs probably took advantage of a changing 
suite of prey items during growth. These factors may ex- 
plain the relative rarity of small adult dinosaurs (Callison 
and Quimby, 1984). The adaptive zones that in mammals 
are occupied by small-sized adults may have been occu- 
pied, among dinosaurs, by juveniles of large species. 

The extinction at the 

END OF THE MESOZOIC 

Dinosaurs appear in the middle Triassic and by the 

beginning of the Jurassic they had reached a position 
of dominance in the terrestrial biota. They continued to 
diversify throughout the late Jurassic and Cretaceous. The 
fossil record is too incomplete to judge diversity contin- 
uously throughout the Jurassic and Cretaceous, but in the 
late Cretaceous, approximately 70 million years ago, di- 
nosaurs appear to have been near their peak in the number 
of reported genera, inhabited all continents except Ant- 
arctica, and lived as far north as the Arctic Circle. Then, 


at the end of the Mesozoic, approximately 65 million 
years ago, dinosaurs became extinct, and few, if any, fos- 
sils are found in beds of Cenozoic age (but see Sloan, 
Rigby, Van Valen, and Gabriel, 1986). The demise of the 
dinosaurs is but one element in a period of extinction that 
affected almost all groups of organisms. 

Among the reptiles, pterosaurs, plesiosaurs, and mo- 
sasaurs also became extinct at the very end of the Me- 
sozoic. The extinction of marine plants and invertebrates 
was even more impressive. The most dramatic extinction 
occurred among unicellular planktonic organisms. Ap- 
parently only a single species of calcareous planktonic 
foramenifera survived to give rise to the subsequent Ter- 
tiary radiation. Coccolithophores (unicellular algae with 
calcareous tests) were almost as severely affected. Dia- 
toms, silicoflagellates, and radiolarians with silicious, rather 
than calcareous, skeletons were also significantly reduced. 
In some localities, Cretaceous species are common and 
diverse up to the last millimeter before the Mesozoic- 
Cenozoic boundary. 

Multicellular invertebrates show an irregular pattern 
of extinction. Belemnites and ammonites become extinct 
at the boundary. Ammonites had been declining in num- 
bers and diversity in the later Cretaceous, but nine genera 
persisted to the very top of the Mesozoic (Alvarez, Kauff- 
man, Surlyk, Alvarez, Asaro, and Michel, 1984). Rudists 
and trigoniid bivalves, calcareous nannoplankton, and 
scleractinian hermatypic corals became extinct near the 
peak of their radiation (Archibald and Clemens, 1982). 
In general, planktonic organisms and sea-bottom filter 
feeders, including crinoids and bryozoans, were greatly 
reduced, but sea-bottom predators and detritus feeders 
were less affected (Van Valen, 1984). 

The marked change in the Earth’s biota at the end 
of the Mesozoic was recognized as early as the eighteenth 
century, but the probable cause of this phenomenon has 
been debated with increasing rigor during the past decade. 

TIME 

To determine the nature of the extinction event at the end 
of the Mesozoic, it is necessary to establish the length of 
its duration and the degree to which it was synchronous 
in different environments throughout the world. This pe- 
riod of extinction has formed part of the basis for rec- 
ognizing the Cretaceous-Tertiary boundary (abbreviated 
as either C-T or K-T in many papers). It may also be 
referred to as the Maastrichtian-Danian boundary, to use 
the names of the latest stage within the Cretaceous and 
the earliest stage of the Tertiary. 

This boundary is defined on a worldwide basis by 
the first appearance of species of plants and animals that 
are typical of the Tertiary. However, such biological cri- 
teria are not consistent in all localities. A good correlation 
can be established among widespread marine sequences, 
but it is difficult to correlate between marine, freshwater, 
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and terrestrial biotas. Because of physical differences and 
geographical distances between distinct environments, bi- 
ological criteria are unlikely to help us establish a con- 
sistent chronological marker. Only nonbiological factors 
can provide a basis for dating that can be used as a test 
for the synchrony of the extinctions at the end of the 
Mesozoic. 

Radiometric dating is accurate only within about a 
million years for events at the time of the K-T boundary. 
Somewhat greater accuracy is possible using the sequence 
of reversals of the earth’s magnetic field. Periodically, the 
polarity reverses so that the magnetic pole is south, rather 
than north. The direction of polarity is recorded in iron 
minerals of both sedimentary and igneous rocks. The spe- 
cific cause of these reversals is unknown; they occur at 
extremely irregular intervals, with periods of normal or 
reversed polarity being of significantly different duration. 
Comparable time periods in different parts of the world 
can be recognized because of the similarity in relative 
duration of the intervals of normal and reversed polarity 
in a manner that is closely analogous with dating by tree 
rings. The time of greatest faunal change at the end of 
the Mesozoic occurs within a period of reversed polarity, 
interval 39. This entire interval is estimated as lasting for 
somewhat less than 500,000 years. (Hsii, 1982). 

The most precise basis for dating the K-T boundary 
may be the presence of an abnormally high concentration 
of iridium, a metal of the platinum group. It was first 
discovered in a thin layer of clay that marks the faunal 
boundary between the Cretaceous and Tertiary near Gub- 
bio, Italy (Alvarez, Alvarez, Asaro, and Michel, 1980). 
Iridium is extremely rare in most rocks of the earth’s crust, 
making up only about 0.3 parts per billion. At Gubbio, 
the concentration is approximately 6.3 parts per billion — 
more than 20 times the background level. Similar clays 
in Denmark showed an even higher concentration — 160 
times higher than expected for crustal rocks. Since this 
initial work, an iridium “anomaly” or “spike” has been 
found in nearly 50 localities throughout the world (Al- 
varez, 1983). Most of these determinations have been 
made from drill cores taken from beneath the ocean where 
there is nearly continuous sedimentation across the K-T 
boundary. Samples have also been taken from several 
localities in western North America where nearly contin- 
uous deposition of terrestrial sediments occurred across 
the boundary. 

In nearly every locality tested, an iridium spike has 
been detected. In all cases, this spike occurs at or ex- 
tremely close to the horizon that had previously been 
accepted as indicating the K-T boundary on the basis of 
the fossil record. This iridium anomaly appears to be as 
close to synchronous as any known geological marker on 
a worldwide basis. The sediments containing the high 
concentration of iridium were deposited during a very 
short period of time to judge by their thickness. Exactly 
how short a period is difficult to establish by other means, 
but it was probably no more than a few thousand years. 


THE ALVAREZ EXTINCTION HYPOTHESIS 


The iridium anomaly not only serves as an extraordinarily 
precise means of establishing the time of the major ex- 
tinction at the end of the Cretaceous, but it may also 
provide evidence of the cause of this extinction. Iridium 
is thought to be considerably more abundant in the solar 
system as a whole than it is in the crust of the earth. It 
is soluble in iron, and most of the iridium that was present 
when the earth coalesced was probably taken up by the 
iron in its core. The higher concentration of iridium in 
the solar system is based on proportions in meteorites, 
some types of which have as much as 0.5 parts per million. 
Since it is difficult to hypothesize any geological factors 
that would operate on a worldwide basis to concentrate 
the iridium at the Cretaceous-Tertiary boundary, Alvarez 
suggested that it resulted from the impact of a large me- 
teorite or asteroid whose contents were then distributed 
over the surface of the earth. To account for the observed 
amount of iridium requires an extraterrestrial body ap- 
proximately 10 kilometers in diameter that would have 
weighed 10 16 grams. The impact of such a body would 
have created a crater approximately 100 kilometers in 
diameter. 

Alvarez and his colleagues hypothesized that the im- 
pact of such a large object would have thrown debris up 
to 60 times its own mass into the atmosphere, where it 
would have circled the globe for several years before fall- 
ing back to the earth. This amount of material, in the 
form of fine particles, would have formed a cloud so dense 
that very little sunlight would have reached the surface 
of the earth. The resulting darkness would have halted 
photosynthesis, killing first the plants and then the ani- 
mals that feed on them. This disaster would certainly have 
been a sufficient cause for the extinction at the end of the 
Mesozoic. 

Several additional effects of the impact have been 
noted in subsequent papers (Alvarez, Alvarez, Asaro, and 
Michel, 1982; Alvarez, 1983). Blocking of the sunlight 
would have led to a rapid chilling of the earth, since heat 
in the infrared end of the spectrum would have been able 
to escape the earth through the dust cloud. With photo- 
synthesis much reduced, C0 2 would accumulate in both 
the atmosphere and in seawater. The buildup of carbon 
dioxide in the water would lead to higher acidity and the 
solution of the shells of carbonate-secreting organisms, 
which would account for the absence of calcareous fossils 
near the K-T boundary in some marine sections. Addi- 
tional carbon dioxide in the atmosphere would produce 
a greenhouse effect once the dust cloud had gone. A gen- 
eral cooling across the K-T boundary has long been sus- 
pected, but the time interval for the cooling and subse- 
quent heating predicted by the Alvarez model may have 
been too rapid to be detected by current methods of anal- 
ysis of seawater temperatures that use the relative abun- 
dance of oxygen and carbon isotopes. 



CHAPTER XV 


The Alvarez hypothesis has created an enormous in- 
terest in the problem of extinction at the end of the Me- 
sozoic. Countless individual papers have been written and 
there have been several major symposia on the subject. 
The most comprehensive publication dealing with this 
question is Geological Implications of Impacts of Large 
Asteroids and Comets on the Earth, which was edited by 
Silver and Schultz (1982). This book and other important 
articles have been reviewed by Van Valen (1984) in a 
short summary of the problem. A series of papers on this 
subject also appeared in the April 1, 1984, issue of Nature. 

Physical scientists tend to accept the major conclu- 
sions reached by Alvarez but contest some details. Sci- 
entists who have studied the fossil record have generally 
been highly critical. Officer and Drake (1983) present 
evidence that the period of greatest marine extinction was 
not instantaneous but extended over at least 10,000 and 
perhaps as much as 100,000 years. The sequence of ex- 
tinction of different marine microorganisms differs from 
locality to locality, and pronounced extinction events may 
vary in their relationship to the time of the iridium anom- 
aly by tens of thousands of years. 

Studies of the behavior of particles in the high at- 
mosphere indicate that the dust cloud would settle to the 
earth after a few months, rather than remaining for several 
years (Toon, Pollack, Ackerman, Turco, McCay, and Liv, 

1982) . The longer period of darkness first proposed by 
Alvarez would probably have killed all plant life and might 
have left the earth permanently covered with a thick layer 
of snow and ice. 

Horz (1982) raised another physical problem. He 
pointed out that most of the ejecta from impact craters 
on the earth and moon is confined to within a few crater 
diameters of the impact, with only small amounts dis- 
tributed over greater distances. Several models are dis- 
cussed in the Silver and Schultz volume to explain how a 
great mass of debris might have been forced into the upper 
atmosphere. 

No large crater has yet been identified as coincident 
with the iridium anomaly, but it would be difficult to 
detect if it had been formed on the ocean floor. What is 
more difficult to explain is the lack of great extinctions 
at the other times when craters 100 kilometers or more 
in diameter are known to have been formed (Shoemaker, 

1983) . 

Iridium anomalies have been discovered at other ho- 
rizons that are not associated with mass extinctions and 
are missing from horizons, such as the Permo-Triassic 
boundary, when there were mass extinctions. Locally high 
concentrations of iridium are associated with reducing 
environments and the presence of iron pyrite. In these 
cases, the abundance of iridium probably resulted from 
a concentration from normal terrestrial sources. 

On the other hand, it appears inescapable that the 
iridium anomaly at the end of the Mesozoic was both 
synchronous and worldwide. Since it characterizes both 
terrestrial and marine sediments, it is very difficult to 
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hypothesize any single way in which it could have been 
concentrated from sediments of the earth’s crust. McLean 
(1982) proposed a volcanic source for the iridium, but it 
is difficult to accept that a period of volcanic activity 
would have been of such great magnitude and yet last for 
such a short period of time. 

Although an extraterrestrial source for the iridium 
marker may be difficult to prove unequivocally, it cur- 
rently appears to be the most plausible hypothesis. It is 
also difficult to escape the conclusion that the synchrony 
between the iridium spike and the mass extinction of ma- 
rine organisms indicates a causal relationship. 

Surprisingly, the record of the terrestrial biota does 
not appear to support this hypothesis but suggests a dif- 
ferent, apparently gradual pattern of extinction. 

THE TERRESTRIAL BIOTA 

Despite the emphasis that is typically placed on the demise 
of the dinosaurs at the end of the Mesozoic, this group 
actually provides little information regarding the nature 
of the extinction. One of the most serious problems is 
that there are very few places where terrestrial sedimen- 
tation is continuous across the K-T boundary. The only 
area in which the terrestrial fauna is well known at the 
very end of the Maastrichtian is in western North America 
along the foothills of the ancestral Rocky Mountains. Rich 
dinosaur faunas are known from the earlier Cretaceous 
in Central Asia, China, and South America, but none are 
known from the very end of the Mesozoic. Specific in- 
formation regarding the last years of the dinosaurs is lim- 
ited to North American localities. 

Another problem is the emphasis that different au- 
thors place on different taxonomic categories. It is fre- 
quently stated that five orders of reptiles became extinct 
at the end of the Mesozoic: the Saurischia, Ornithischia, 
Pterosauria, Ichthyosauria, and the Plesiosauria. This ap- 
pears to represent a very dramatic change in the fauna, 
but it actually involves a relatively small number of gen- 
era. In fact, ichthyosaurs are not known in the late Cre- 
taceous. Their apparent Maastrichtian record was based 
on a misidentified fragment of a shoulder girdle. Twenty- 
two genera of plesiosaurs have been named from the Up- 
per Cretaceous, but only four are known at the end of 
the Maastrichtian (Welles, 1952). We know only three 
pterosaur genera at the end of the Cretaceous, although 
Pteranodon is common and widely distributed. Only about 
a dozen dinosaur genera continue to the end of the Maas- 
trichtian (Padian and Clemens, 1985). There is some in- 
dication that these genera were becoming progressively 
less common within the Maastrichtian and there may have 
been a progressive reduction from the north to the south, 
although this phenomenon has not been fully documented 
(Sloan, 1976; Van Valen and Sloan, 1977; Archibald and 
Clemens, 1982; Clemens, 1984; Padian and Clemens, 1985; 
Sloan, Rigby, Van Valen, and Gabriel, 1986). 
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In order to evaluate the significance of particular ex- 
tinction events, we must compare them with the normal, 
or average, rates of extinction within the group through- 
out its history (Raup and Sepkoski, 1982). Among Me- 
sozoic tetrapods, nearly all period and stage boundaries 
are marked by very large-scale extinctions, if we judge by 
the rarity of genera that continue from one stage or period 
to the next. Only a few dinosaur genera are known from 
more than a single formation or lithological unit. 
Throughout the Mesozoic, new genera continued to evolve 
at least as rapidly as others became extinct. What marks 
the K-T boundary as a unique event is not the number of 
extinctions, but the fact that no new genera evolved to 
replace them. Throughout the Mesozoic, the fossil record 
of dinosaurs is so incomplete that we rarely, if ever, have 
a record of the particular genera from one period that 
were ancestral to those in the next. Nor can we say with 
any degree of accuracy what percentage of the total num- 
ber of genera living in one stage or period became extinct 
before the beginning of the next stage or period. What is 
known suggests that this percentage is always quite high 
(probably more than 50 percent and perhaps approaching 
90 percent). The fact that it reached 100 percent at the 
end of the Cretaceous, with no surviving lineages, indi- 
cates a significant change in the world in which they lived. 
In contrast, an extinction rate of 50 to 90 percent within 
a particular stage or period might be normal and related 
only to progressive evolutionary changes, competition, 
and predation. 

In many localities, the last dinosaurs occur about 3 
meters below the iridium anomaly and not coincident with 
it. As observed in North America, one can attribute the 
final extinction of the dinosaurs to gradual changes in 
climate (Sloan, 1976). Unfortunately, for most of the world 
there is no fossil evidence that bears on this question. 

Other reptiles living with the dinosaurs — turtles and 
lizards — show no significant extinction across the K-T 
boundary. Other important survivors were the crocodiles 
and the champsosaurs, which were as large as many di- 
nosaurs and may have had a comparable physiology. They 
were distinguished ecologically as primarily aquatic forms. 

Mammals also show a mixed pattern of extinction 
and survival across the K-T boundary. In North America, 
only one of thirteen described species of marsupials sur- 
vived the end of the Cretaceous. Clemens (1984) points 
out that this extinction was not instantaneous but oc- 
curred gradually and progressively over approximately 
200,000 years, coincident with the extinction of dino- 
saurs. Presumably, marsupials did not experience such a 
strong decline in the southern continents, if we judge by 
their subsequent radiation in both South America and 
Australia. 

On the other hand, placental mammals appear to 
have crossed the boundary without significant reduction 
in numbers of species. The major radiation that culmi- 
nated in their dominance in the early Tertiary had already 
begun in the late Cretaceous. Archibald (1982) described 


THE BIOLOGY AND EXTINCTION OF DINOSAURS 


the gradual evolution of mammalian communities that 
were contemporaries of the dinosaurs in the late Maas- 
trichtian and their successors in the early Paleocene. 

Although we would expect that land plants would 
have undergone the same mass extinction as the phyto- 
plankton if there had been a protracted period of dark- 
ness, this was not obviously the case. The great revolution 
in the history of vascular plants occurred early in the 
Cretaceous with the origin and rapid radiation of the 
angiosperms, which became the dominant land plants well 
before the end of the Cretaceous (Doyle, 1977). The great- 
est period of extinction among land plants near the K-T 
boundary is 3 to 6 meters above the level of the iridium 
anomaly or 50,000 to 90,000 years later (Hickey, 1981). 

In different floral provinces, 50 to 75 percent of Cre- 
taceous species became extinct by the early Tertiary. This 
figure would appear to be very high, but it is not greater 
than that observed in the Paleocene-Eocene boundary, 
which has never been thought of as a time of major floral 
extinction. Hickey points out that northern floras would 
be expected to be more resistant to catastrophic extinction 
than those in the tropics because they probably had al- 
ready evolved the capacity to remain dormant for part of 
the year and may have had greater resistance to cold. The 
pattern of extinction observed is just the reverse, with 
greater extinction occurring in the north than the south. 
There are also marked regional differences in the extent 
of extinction that do not fit readily with the expectations 
of a worldwide catastrophic event. 

One dramatic and short-term change suggests at least 
a local catastrophe at the K-T boundary. This change is 
the sudden dominance of fern spores rather than angios- 
perm pollen in the Raton Basin in New Mexico (Orth, 
Gilmore, Knight, Pillmore, Tschudy, and Fassett, 1982). 
Such flora changes occur as a result of forest fires, floods, 
and other local catastrophies. However, such a marked 
floral change has not been established in other parts of 
the world. 


HYPOTHESIS OF GRADUAL CHANGE 

Changes in the terrestrial community have long been at- 
tributed to a gradual climatic deterioration that culmi- 
nated at the end of the Cretaceous and early in the Ter- 
tiary. It has been recognized that the end of the Cretaceous 
was marked by a major regression. The sea level dropped 
markedly throughout the world, resulting in the drying 
up of the many large epicontinental seas. The wide extent 
of seas within the continents during the Cretaceous would 
have resulted in maritime rather than continental climates 
over wide areas and the absence of sharp seasonality. 

For much of the Mesozoic, the level of the land was 
low and without major mountain chains, which also con- 
tributed to an equable climate worldwide. Toward the 
end of the Mesozoic, the modern system of mountain 
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ranges began to form as a result of movements of major 
oceanic and continental plates, This tectonic activity led 
to a breakup of the previous global patterns of circulation, 
bringing about regional differences in climate and greater 
seasonality. The tectonic activity coincided with and was 
probably causally related to the late Cretaceous regression 
(Hallam, 1984). Together they were responsible for a ma- 
jor deterioration of climate that continued into the Cen- 
ozoic. This climatic change is most directly reflected in 
changes in the flora, which indicate a reduction of the 
annual mean temperature in western North America of 
almost 10°C between the late Cretaceous and the early 
Paleocene (Hickey, 1981). This gradual lowering of the 
temperature and particularly the loss of equability of tem- 
perature worldwide would be sufficient to account for the 
observed floral and faunal changes in the North Tem- 
perate zone. According to the model of dinosaur physi- 
ology discussed earlier in this chapter, they would have 
been much more vulnerable to climatic deterioration than 
would the placental mammals. Van Valen and Sloan (1977) 
hypothesize that dinosaurs may have survived into the 
Tertiary in the tropics, but there is little fossil evidence 
yet available in those regions. 

The processes of gradual geological change appear 
to provide an adequate explanation for the known evo- 
lutionary events among terrestrial vertebrates across the 
K-T boundary. A catastrophic event does not seem nec- 
essary or even likely on the basis of this evidence, but one 
must remember that our knowledge comes from only a 
very small fraction of the areas that may have been in- 
habited by dinosaurs and early mammals at the very end 
of the Mesozoic. 

On the other hand, the sudden extinction of marine 
organisms, especially planktonic microorganisms, does 
appear most readily explicable by a catastrophic event. 
Although the marine extinctions were not all simulta- 
neous and instantaneous, they could certainly be consid- 
ered catastrophic as measured by the number of species 
and lineages involved and in their relatively rapid occur- 
rence. The major extinctions all occurred within a fraction 
of the time represented by magnetic reversal 39, which 
itself lasted slightly less than 500,000 years. 

The instantaneous appearance of the iridium anom- 
aly throughout the world provides evidence of a simul- 
taneous catastrophic event. It seems logical that these two 
events were causally related, although the exact relation- 
ship remains debatable. The Alvarez hypothesis of a long- 
lasting dust cloud that would have halted photosynthesis 
appears to be contradicted by the specific patterns of ex- 
tinction of both marine and terrestrial plants. Hsu (1982) 
suggested both physical and chemical factors that might 
have had more immediate and wide-ranging effects in the 
sea than on land. His hypothesis might explain, at least 
partially, the apparent contradiction between the patterns 
of extinction on land and in the ocean. 

W. Alvarez and his coauthors (1984) suggest that 
many of the apparent contradictions regarding the K-T 


extinction might be resolved by recognizing two distinct 
causes, one short term and catastrophic and the other 
long term. Many of the changes that happened in the 
terrestrial community and among marine vertebrates may 
have resulted from the gradual changes, which have been 
long recognized by geologists, in the pattern of the con- 
tinents and seas toward the end of the Mesozoic. Super- 
imposed on this pattern of gradual extinction were the 
sudden effects of a collision with an extraterrestrial body 
that caused the instantaneous termination of many groups 
but may have, for geographical and environmental rea- 
sons, produced less-profound extinction in others. 

Much more evidence may eventually be available re- 
garding the temporal distribution of terrestrial vertebrates 
across the K-T boundary in areas other than North Amer- 
ica. Such findings may permit a final decision to be reached 
as to whether the major extinction at the end of the Cre- 
taceous was the result of terrestrial or extraterrestrial causes. 
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Flight 


Active flight has evolved three times among vertebrates: 
in bats among the mammals and in the ancestors of birds 
and pterosaurs, both of which evolved from early archo- 
saurs. Pterosaurs first appeared in the fossil record in the 
late Triassic; the oldest bird is known from the late Jur- 
assic. These groups share many skeletal features, but flight 
was certainly achieved separately in each. 


Pterosaurs 

Pterosaurs are characterized by membranous wings 
that are supported by a single greatly enlarged fourth 
digit. They are divided into two suborders. The primitive 
rhamphorhynchoids appear in the late Triassic and are 
common throughout the Jurassic (Figure 16-1). They re- 
tain a long tail, short neck, and short face. Some were as 
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Figure 16-1. EUDIMORPHODON, x i Skeleton of the Late Triassic 
rhamphorhynchoid pterosaur. From Wild, 1978. 



small as a sparrow. The pterodactyloids, which appeared 
in the late Jurassic, have shortened the tail while increas- 
ing the length of the metacarpals, neck, and skull. They 
attained the greatest size of any flying vertebrates, with 
Quetzalcoatlus from the late Cretaceous having an esti- 
mated wing span of 11 to 12 meters (Langston, 1981). 
Wellnhofer (1978) published the most recent review of 
the pterosaurs. 


EARLY PTEROSAURS 

The earliest pterosaurs occur in the Upper Triassic (Nor- 
ian) of northern Italy (Wild, 1978). Nearly the entire 
skeleton of Eudimorphodon is known. It resembles later 
rhamphorhynchoids very closely and provides an excel- 
lent basis for characterizing the anatomy of all other pter- 
osaurs. The contemporary genus Peteinosaurus is more 
primitive in having wings that are approximately two- 
thirds the length of those in other comparable-size pter- 
osaurs. A third Norian genus, Preondactylus (Wild, 1984b), 
is known from only incomplete remains but is apparently 
the most primitive of all pterosaurs. 

The skull is proportionately very large in all ptero- 
saurs, with a latticework of narrow rods between the large 
orbital, antorbital, and temporal openings. The cranial 
bones tend to fuse, which makes it difficult to determine 
the position of sutures, but their general pattern resembles 
that of primitive archosaurs. The quadrate is streptostylic. 
The dentition of Eudimorphodon is conspicuously di- 
morphic, with long peglike teeth in the premaxilla and 
anterior extremity of the dentary, as well as two caninelike 
teeth in the maxilla. The other teeth are shorter and mul- 
ticuspate, superficially resembling those of primitive Me- 
sozoic mammals (see Chapter 18). 


Eudimorphodon has 8 cervical, 12 thoracic, 2 lum- 
bar, and 4 fused sacral vertebrae and nearly 35 caudals. 
Peteinosaurus has only 3 sacral vertebrae that remain 
unfused. The cervicals of Eudimorphodon are clearly pro- 
coelous, and as in other archosaurs, the trunk vertebrae 
bear long transverse processes. Like other rhamphorhyn- 
choids, the caudal vertebrae are supported by bundles of 
ossified tendons that develop as greatly elongated pro- 
cesses from the pre- and postzygapophyses and haema- 
pophyses, in comparable fashion to those in the theropod 
dinosaur Deinonychus. 

The shoulder girdle is highly modified in a manner 
that is closely analogous with that of advanced birds to 
provide enlarged surfaces for the origin of flight muscles 
and to resist the forces generated by their contraction 
(Figure 16-2). The most conspicuous element is the broad 
sternum that bears a low keel. The sternum is notched 
laterally to receive the ends of the thoracic ribs. Lepido- 
saurs also possess a sternum, but it does not articulate 
with the coracoids in the manner of pterosaurs and almost 
certainly evolved independently. 

No elements of the dermal shoulder girdle are known 
among pterosaurs. The absence of clavicles is a significant 
difference from birds. The scapula and coracoid are fused 
to form a simple L-shaped structure. The coracoid is elon- 
gate, with the extremity braced against the anterior mar- 
gin of the sternum. The glenoid articulation is located far 
dorsally and the narrow scapular blade extends over the 
back. 

The humerus is short relative to the length of the ulna 
and radius. The proximal head bears a very large delto- 
pectoral crest for attachment of the muscles to depress 
the forelimb. The articulation with the glenoid is saddle 
shaped, so that the forelimb is rotated forward as it is 
moved ventrally. There is a hingelike articulation between 
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Figure 16-2. PECTORAL GIRDLES OF FLYING VERTEBRATES IN 
VENTRAL AND LATERAL VIEWS, (a-b) Bird, (c-d) pterosaur, and 
[e-f) bat. Abbreviations as follows: ac, acromion process; aero, acro- 
coracoid process; bi, biceps tubercle; ?cart, possible cartilagineous ex- 
tension of sternal keel; clav, clavicle; cor, coracoid; cris, cristospine; for 
tri, foramen triosseum (junction of clavicle, coracoid, and scapula); furc, 
furcula; gl, glenoid fossa; hum, humerus; keel, sternal keel; man, man- 
ubrium; mem, membrane connecting sternum, coracoid, and clavicle; 
sc, scapula; ster, sternum; xi, xiphoid process of sternum. Not to scale. 
From Padian, 1983b. 

the distal end of the humerus and the long narrow ulna 
and radius. 

There are five or six carpals in primitive pterosaurs, 
but these are fused into one proximal and one distal ele- 
ment in later genera that form a simple hinge joint be- 
tween the ulna and radius at one end and the remainder 
of the limb at the other. The first three metacarpals and 
digits are of comparable proportions to those in other 
early archosaurs and bear sharp, recurved claws. The fourth 
metacarpal is greatly enlarged to form the base of the 
finger to which is attached the flight membrane. Four 
thickened and elongate phalanges follow. There is no trace 
of the fifth finger. The pteroid, a bone that is unique to 
pterosaurs, extends medially from the anterior margin of 
the wrist. In later pterosaurs in which impressions of the 
soft anatomy are preserved this bone serves as the distal 
anchor for a narrow membrane that extends to the base 
of the neck. 


The pelvic girdle of Eudimorpbodon has a strange 
construction for an archosaur but is typical of later pter- 
osaurs, with the acetabulum far dorsal in position above 
the broad puboischiadic plate (Figure 16-3). The aceta- 
bulum is imperforate. A large paired ossification, termed 
a prepubis but of a form that is unique to pterosaurs, 
articulates with the anterior margin of the short pubis. 

It has long been thought that the rear limbs of pter- 
osaurs had a sprawling posture, but Padian (1983a, b) 
argued that they were probably held in an upright posi- 
tion. He postulated that the pubis and ischium met at the 
midline, as in other diapsids, so that the acetabulum faced 
ventrolaterally rather than dorsolaterally as in previous 
reconstructions. In all pterosaurs, the head of the femur 
is bent medially, as in dinosaurs and birds, and the shaft 
was oriented in a parasagittal plane (Figures 16-4 and 16- 
5). The articulation with the tibia resembles that of birds, 
in which the femur projects well forward. The tibia is 
conspicuously longer than the femur, and the fibula is 
reduced to a splint of bone that is fused to the tibia prox- 
imally and is incomplete distally. 

In Peteinosaurus and several later rhamphorhyn- 
choids, there are four tarsal bones, the more proximal of 
which can be compared with the astragalus and calca- 



Figure 16-3. LIMB AND GIRDLE ELEMENTS OF PTEROSAURS. 
(a) The coossified scapula and coracoid of Eudimorphodon, x). (b) 
Humerus of Eudimorphodon, X§. (c) Pelvis of Eudimorphodon, xl. 
(d) Femur of Eudimorphodon, x (e) Tibia and fibula of Peteinosaurus, 
xl. ( f) Foot of Peteinosaurus, X ;f. Note retention of four tarsals. (g) 
Notarium of Pteranodon, much reduced. Anterior is to the left. Abbre- 
viations as in Figure 16-2, plus: ac, acetabulum; co, coracoid; il, ilium; 
is, ischium; pu, pubis. ( a-f ) From Wild, 1978; (g) from Wellnhofer, 
1978. 
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Figure 16-4. THE HIND LIMBS OF A RHAMPHORHYNCHOID 
PTEROSAUR. Anterior view showing their erect posture. From Padian, 
1983b. 


neum of other reptiles. In Eudimorphodon and most other 
pterosaurs, the tarsal joint is formed by clearly defined 
double condyles at the end of the tibia and two tarsal 
bones that are functionally incorporated with the foot. 
The astragalus and calcaneum are fused to the end of the 
crus, as in birds and many dinosaurs, so that a simple 
mesotarsal joint is formed between them and the distal 
tarsals (Figure 16-4). 

In contrast with birds, the distal tarsals remain as 
independent centers of ossification in pterosaurs, rather 
than becoming fused with the metatarsals. In pterosaurs, 
all five metatarsals are retained, as in thecodonts. The first 
four are closely appressed, but do not fuse with one an- 
other as do metatarsals 2 to 4 in birds. Digits 1 to 4 retain 
the general pattern of primitive diapsids, with a typically 
reptilian phalangeal count and well-developed claws. The 
posture was digitigrade. 

The fifth metatarsal is a short divergent element in 
all pterosaurs that superficially resembles the hooked fifth 
metatarsal of primitive archosaurs and and squamates (see 
Figure 16-3/). In rhamphorhynchoids, the fifth digit re- 
tains two long phalanges; these are lost in pterodactyloids. 
The function of this digit is subject to controversy. It 


superficially resembles the calcar of bats, which supports 
the flight membrane between the rear limbs, but is on the 
lateral rather than the medial surface of the foot. It had 
been thought to serve for attachment of the posterior 
portion of the main wing membrane, but Padian (1983a, b) 
showed that the membrane did not extend onto the sur- 
face of the rear limb. It might be a relict of an early stage 
in the development of flight in which a separate membrane 
was attached in this position. 


FLIGHT APPARATUS 

The first recognized pterosaurs were discovered in fine- 
grained lithographic limestone of late Jurassic age in the 
Solenhofen area of southern Germany. They show impres- 
sions of membranous wings that were supported by the 
greatly elongated fourth digit of the forelimb. They were 
initially thought to be related to bats, and Soemmering 
(1817) reconstructed the membrane as including the rear 
limbs and tail in the fashion of modern bats. 

Based on comprehensive studies of Rhampborbyn- 
cbus and Pterodactylus from Solenhofen, Padian (1983b) 
demonstrated that the wing membrane attached to the 
trunk posteriorly and did not reach the rear limbs. Nor 
do these genera provide evidence for a membrane between 
the rear limbs. Padian reconstructs the wing as a narrow 
structure that resembles a gull’s wing (Figure 16-6). 

A separate membrane is present anterior to the prox- 
imal portion of the forelimb and runs from the base of 
the pteroid to the base of the neck. A tendon on its margin 
would have extended the limb when in flight. Several 
genera have membranes between the toes of the rear limb 
that may have been used in swimming. Species of Rbam- 
pborbyncbus had a short triangular or diamond-shaped 
vertical rudder at the end of the long tail. 

The wing is formed by a continuous membrane. Mi- 
croscopic examination shows a consistent pattern of nar- 
row structural fibers radiating posteriorly to provide in- 
ternal supports that are comparable in orientation to the 
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Figure 16-6. THE CRETACEOUS PTF.ROSAUR PTERANODON. This restoration shows the extent of the wing membrane. 
From Padian, 1983b. 


additional digits that support the wings of bats and the 
feathers of birds. They are thought to be cartilaginous or 
collagenous, and they contribute to the camber of the 
airfoil. 

The species Sordes pilosus (Sharov, 1971) has been 
described as having a “furry” covering over the body. 
Such a covering is not evident in the very well-preserved 
pterosaurs from Solenhofen, and Feduccia (1985) doubts 
that this material represents the natural body surface in 
Sordes. This pigeon-sized rhamphorhynchoid appears to 
have had a flight membrane between the rear limbs, in 
contrast with the species that Padian studied. 

As a result of the recognition that pterosaurs were 
reptiles related to crocodiles and dinosaurs, it was long 
thought that they lacked the high metabolic rate of birds 
and bats and probably relied greatly on the wind to pro- 
vide lift, rather than actively flapping the wings. They 
were typically portrayed as passive gliders rather than 
active flyers (see, for example, Romer, 1966, and Stahl, 
1985). 

Padian (L983b, 1985) showed that the skeleton of 
even the earliest pterosaurs was adapted toward active 
flight to a degree very similar to that of advanced birds 
and much greater than that of Archaeopteryx. The ster- 
num and anteriorly directed cristospine would have pro- 
vided a large area for the origin of the pectoralis muscle 
that in birds and bats is the largest muscle in the body 
and is primarily responsible for the power stroke in flight. 
The acromial process of the scapulocoracoid, like that of 
advanced birds, presumably served as a pulley over which 
the tendon of the supracoracoideus muscle passed so that 
it could elevate the wing. As in birds and bats, the del- 
topectoral crest of pterosaurs is greatly expanded to form 
a large area for the insertion of flight muscles. The sternum 
is strongly braced by the coracoid. 

As in birds, the bones of pterosaurs are hollow and 
thin walled. They also have openings comparable to the 
pneumatic foramina that in birds lead to air sacs within 


the bones. These openings suggest that the respiratory 
system of pterosaurs may have been modified in a manner 
analogous with that of birds and in association with a 
very high metabolic rate. 

Cranial endocasts of pterosaurs demonstrate that the 
brain was also advanced in a manner comparable with 
that of birds. Even in the early Jurassic genus Parapsi- 
cephalus (Figure 16-7), the relative size of the brain was 
greater than that of most comparable-sized reptiles and 
approached that of birds. The optic lobes are very large, 
but the olfactory lobes are greatly reduced, in common 
with birds in which the sense of sight is enhanced but that 
of smell is reduced. The cerebellum is greatly elaborated 
and the tloccular lobes are even larger than in birds, which 
suggests that the pterosaurs had a high degree of aerial 
maneuverability. 

It is improbable that all these features, which are 
common to advanced birds, would have evolved in pter- 
osaurs if they had not been capable of active, flapping 
flight. 


Olfactory 

bulb 
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Figure 16-7. PARAPSICF.PHALUS. Reconstruction of an endocast of 
rhe Lower Jurassic pterosaur. From Wellnhofer, 1978. 
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THE ORIGIN OF PTEROSAURS 

The most recently described member of the Upper Triassic 
pterosaur fauna, Preondactylus, shows some of the most 
primitive features known in this group (Wild, 1984b). 
The humerus is shorter than the femur; the pteroid is 
short; the scapula and coracoid are not fused. The entire 
rear limb is longer than in any other pterosaur and the 
forelimb is shorter. The proportions of the wing finger 
indicate that elongation of the wing proceeded from distal 
to proximal elements. 

Nevertheless, all the Triassic pterosaurs were highly 
specialized for flight and were very similar to later rham- 
phorhynchoids in most features. They provide little evi- 
dence of their specific ancestry and no evidence of earlier 
stages in the origin of flight. The presence of an antorbital 
opening has long been used to support affinities with ar- 
chosaurs. The structure and probable posture of the rear 
limbs suggest close relationship with the lagosuchids and 
the immediate ancestors of the two dinosaur orders. In 
his description of the earliest known pterosaurs, Wild 
(1978, 1984a) argued for affinities with the eosuchians. 
The relatively few similarities between early pterosaurs 
and eosuchians are primarily primitive features that do 
not preclude affinities with archosaurs. His primary ar- 
gument is that there was not enough time for the origin 
of flight between the appearance of relatively advanced 
thecodonts in the middle Triassic and the appearance of 
pterosaurs in the late Triassic. Certainly the early ptero- 
saurs were much more advanced in many skeletal features 
than were late Triassic dinosaurs. On the other hand, 10 
to 20 million years may have been available for evolution 
from lagosuchid-level thecodonts to the early pterosaurs, 
which is comparable to the time available for the origin 
of bats (see Chapter 20). 

Padian (1984) pointed out numerous shared derived 
skeletal features, especially in the structure of the skull 
and rear limbs, that unite pterosaurs, lagosuchids, and 
dinosaurs but exclude eosuchians. He concluded that 
available evidence is not sufficient to resolve the specific 
interrelationships among these three groups. One feature, 
the retention of a hooked fifth metatarsal, appears more 
primitive than the condition in lagosuchids and dinosaurs. 
Unless this character has been reelaborated in relationship 
to the large fifth digit in early pterosaurs, its presence 
suggests that pterosaurs diverged from the thecodont stock 
at an earlier stage than did lagosuchids and dinosaurs. 
The advanced structure of the rear limbs nevertheless points 


to closer affinities with lagosuchids than with any other 
adequately known group of thecodonts. 

Padian suggests that the closest affinities of ptero- 
saurs may lie with Scleromochlus, a small form from the 
Upper Triassic of Scotland (Figure 16-8). Like early pter- 
osaurs, the skull is very large with extensive fenestrae, 
and the posture of the rear limbs suggests that they moved 
in a parasagittal plane. The scapula is strap shaped and 
the coracoid is elongated. The fibula and tarsals are re- 
duced and the fifth metatarsal is much shorter than the 
remainder. Unfortunately, this animal is very poorly pre- 
served. The bones are represented only as natural casts 
in a coarse sandstone matrix and few morphological de- 
tails are known with certainty. Scleromochlus was a con- 
temporary of early pterosaurs but might be a descendant 
of the same ancestral stock, although the forelimbs are 
much shorter than the rear limbs and show no speciali- 
zations for flight. 

Padian (1985) suggests that pterosaurs evolved flight 
directly from terrestrial ancestors. He argues that they 
show no skeletal evidence for arboreality but were effec- 
tive terrestrial bipeds. Padian emphasizes that all ptero- 
saurs show skeletal specializations that are common to 
active flying birds and none that are similar to gliding 
vertebrates. Soaring was probably an important compo- 
nent of flight in the large Cretaceous species, as in the 
largest modern birds, but resulted from a reduction of the 
emphasis on flapping flight that was much more important 
in the smaller, earlier species. In contrast, Wild (1984b) 
argued for an origin among climbing ancestors. 

PTEROSAUR DIVERSITY 

Three families of rhamphorhynchoids are represented in 
the Upper Triassic. The best-known genus, Eudimorpho- 
don, is placed in a monotypic family, but Wild suggests 
that it may be related to the Upper Triassic genus Cam- 
pylognathoides. Peteinosaurus may be close to the an- 
cestry of the well-known Lower Jurassic genus Dimor- 
phodon. Preondactylus resembles Jurassic members of the 
Rhamphorhynchidae in the proportions of the.phalanges 
of the flight finger. Despite being placed in different fam- 
ilies, all three Triassic genera are basically similar to one 
another. Rhamphorhynchoids continued to radiate 
throughout the Jurassic and reached their greatest diver- 
sity toward the end of that period (Wellnhofer, 1975). 
Rhamphorhynchus is the best-known late Jurassic genus. 
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Anurognathus is a small, short-faced form whose peglike 
teeth suggest a diet of insects. The long face and piercing 
dentition of Rbampborhynchus and the discovery of fish 
remains in the crop and gastric region of this and other 
genera suggest that many pterosaurs may have been pis- 
civorous. There is no direct evidence of the reproductive 
habits of any pterosaurs. No rhamphorhynchoid is known 
to have survived into the Cretaceous. 

Pterodactyloids were already numerous and diverse 
in the Upper Jurassic, as we can see by fossils from So- 
lenhofen (Wellnhofer, 1970). These remains include some 
of the smallest pterosaurs and the ancestors of the largest 
flying vertebrates. No forms are known that are inter- 
mediate between rhamphorhynchoids and pterodacty- 
loids, although all features of the skeleton confirm their 
close relationship. 

The difference in proportions between these two sub- 
orders, especially the great reduction in the tail of pter- 
odactyloids, probably changed their flight properties greatly 
(see Figure 16-6). The presence of a tail behind the center 
of lift in aircraft contributes to stability. If the airspeed 
is lowered, the nose automatically rises and increases the 
angle of attack, contributing to greater lift. In aircraft, 
stability results in automatic compensation for changes 
in direction and altitude, which is advantageous in pro- 
viding a comfortable flight but reduces maneuverability. 
Stability is reduced as far as possible in combat aircraft 
so that changes in direction can occur rapidly. Selection 
for increased maneuverability may lay behind the changes 
in proportions among pterosaurs. Pterodactyloids more 
dosely resemble modern birds in the shortness of the bony 
tail. However, the lift provided by the tail feathers of birds 
is missing. Pterodactyloids strengthened the area of the 
shoulder girdle by fusion of the anterior trunk vertebrae 
into a notarium with which the end of the scapula artic- 
ulated (see Figure 16-3). 

The dentition varied greatly among pterodactyloids. 
Genera such as Pterodaustro had hundreds of long narrow 
teeth in the lower jaw that formed a pattern like the baleen 
of whales and may have been used to strain invertebrates 
from the water (Figure 16-9). The common Cretaceous 
genus Pteranodon completely lost its teeth. 

The late Cretaceous pterosaurs include the largest of 
all flying vertebrates. We think that Pteranodon, with a 
wing span of 7 meters, weighed approximately 17 kilo- 
grams. Scattered remains assigned to the genus Quetz- 
alcoatlus suggest that it may have had a wing span of 11 
to 12 meters and a weight of approximately 65 kilograms 
(Padian, 1984). The large pterosaurs, like large flying birds 
in the modern fauna, must have relied extensively on the 
wind, rather than continuous flapping flight, for remain- 
ing aloft (Brower, 1983). Young (1981) cited 12 to 16 
kilograms as the limit for body weight in forms with 
sustained flapping flight. Pteranodon was approximately 
at the limit of this weight, and Quetzalcoatlus was far 
heavier. Unfortunately, impressions of the flight mem- 
brane have not been reported from the larger species. 



Figure 16-9. SKULL OF THE PTERODACTYLOID PTERODAUS- 
TRO FROM THE UPPER CRETACEOUS OF ARGENTINA. The slen- 
der but extremely numerous teeth in the lower jaw probably functioned 
like the baleen of whales to strain small invertebrates from the water. 
Length 23 centimeters. Abbreviations as in Figure 8-3. From Wellnhofer, 
1978. 

The fossil record of pterosaurs extends for approx- 
imately 150 million years, and nearly 90 species have been 
recognized. They have been reported from every continent 
except Antarctica. Most are known from shallow marine 
deposits, but Quetzalcoatlus comes from 400 kilometers 
inland. Most genera were short-lived and restricted to 
small geographical areas. 

It can be said that the pterosaurs became extinct at 
the end of the Cretacious, coincident with the extinction 
of the dinosaurs, since they are known in the Maastrich- 
tian but are unknown from the Tertiary. However, this 
gives a misleading impression, for only Pteranodon and 
Nyctosaurus are common in the late Cretaceous, accom- 
panied by a few remains of Quetzalcoatlus. The end of 
the Cretaceous did not record a catastrophic termination 
of a diverse assemblage but only the extinction of three 
members of an order that had been gradually diminishing 
in numbers throughout the Cretaceous. 

The large size of Pteranodon and Quetzalcoatlus 
probably limited their distribution to areas that had reg- 
ular, gentle winds throughout much of the year (Bramwell 
and Whitfield, 1974). The tectonic activity at the end of 
the Cretaceous would almost certainly have restricted their 
geographical range and may have directly resulted in their 
extinction. 

A more dramatic decline had occurred at the end of 
the Jurassic with the termination of all the rhamphor- 
hynchoid lineages. This event coincides with the emer- 
gence of birds, but the fossil record of that group is too 
poorly known to document competition between the two 
groups. 

Much of the success of birds may be attributed to 
aspects of the physiology and soft anatomy that cannot 
be established in pterosaurs; therefore, it is difficult to 
determine why pterosaurs became extinct while birds con- 
tinued to radiate throughout the late Mesozoic and Cen- 
ozoic. The flexibility of the bird wing and the ability to 
replace component feathers probably provided a more 
effective flight mechanism. Bats have a pterosaurlike 
membraneous wing but avoid competition with birds al- 
most completely as a result of their nocturnal habits. 
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ARCHAEOPTERYX AND THE ORIGIN 
OF BIRDS 


Mesozoic birds 

In many respects, birds may be considered the most 
advanced vertebrates. Because of the energy require- 
ments for sustained powered flight, their body tempera- 
ture and metabolic rate are higher than those of even the 
most advanced mammals, and the structure and function 
of their respiratory system are unique among chordates. 
The number of modern species (nearly 9000) exceeds that 
of all other vertebrate groups except the higher bony fish. 
The physical and metabolic requirements of flight result 
in a basically uniform anatomy, even among secondarily 
flightless genera. 

Feduccia (1980) recently reviewed their evolutionary 
history. Olson (1985) provided a more technical discus- 
sion of their fossil record. The radiation of modern birds 
apparently began in the late Mesozoic and most of the 
major modern lineages had become differentiated by the 
early Cenozoic. Their Mesozoic history remains very poorly 
known. 


In contrast with pterosaurs, the fossil record of birds pro- 
vides evidence of a crucial stage in their early evolution. 
Archaeopteryx, from the Upper Jurassic (Portlandian) of 
the Solenhofen region in southern Germany, remains the 
prime example of a genus that occupies the position of a 
“missing link” uniting two major vertebrate groups. Three 
nearly complete skeletons, two partial skeletons, and an 
isolated feather have been described. Every bone in the 
body is represented, and one specimen includes a natural 
endocast of the brain. The most important feature of these 
specimens is the preservation of flight feathers on the wing 
and along the tail in nearly their natural position. These 
are most spectacularly displayed in the Berlin specimen 
(Figure 16-10). 

Were it not for these feathers, Archaeopteryx would 
not have been recognized as a bird, as is demonstrated 
by the fact that one nearly complete skeleton in which 
the feathers were not recognized was initially identified 
as a dinosaur. In fact, there are no features of the bony 
skeleton of Archaeopteryx that are uniquely avian. All 


Figure 16-10. SKELETON OF ARCHAEOPTERYX. From the Humboldt Museum, Berlin. Photograph courtesy of Dr. Hermann Jaeger. 




have been described in genera that are classified among 
the dinosaurs. 

If all elements of the skeleton were considered of 
equivalent value in classification, Archaeopteryx would 
certainly be considered a feathered dinosaur. Most pa- 
leontologists consider Archaeopteryx to be a bird because 
of the presence of a single, albeit complex, character — 
feathers — that are uniquely shared with modern birds. 
The structure and arrangement of the feathers are given 
a uniquely important position in classification because 
they provide almost unequivocal evidence of the capacity 
for powered flight. 

Ostrom (1974, 1975a, b, 1976a, b) thoroughly dis- 
cussed the anatomy and phylogenetic position of Ar- 
chaeopteryx. He argues that this genus is both the most 
primitive known bird and that it provides the best avail- 
able evidence of the origin of birds and the origin of avian 
flight. Certainly, there is no other adequately known genus 
that occupies such a central position in the origin of a 
major group. However, it seems probable that additional 
knowledge of small theropod dinosaurs and other late 
Jurassic and early Cretaceous birds may demonstrate a 
phylogenetically more complex transition between dino- 
saurs and birds (Thulborn, 1984). 

Reconstruction of the skeleton of Archaeopteryx 
(Figures 16-11 and 16-12) shows a pattern that is very 
similar to that of small coelurosaurian dinosaurs such as 
Compsognathus (see Figure 14-6). Archaeopteryx was 
about the size of a pigeon but was markedly more prim- 
itive than modern birds in a number of important respects. 
None of the specimens shows a trace of the sternum, 
which provides che main area of origin for the major flight 
muscles in modern birds. The area that it would have 
occupied is largely covered by a chevron pattern of dermal 
scales, as in primitive reptiles, which indicates that the 
pectoralis muscles were not significantly more massive 
than in dinosaurs. The bones are thick walled, without 
the pneumatic ducts common to both modern birds and 
pterosaurs. Unlike all other birds. Archaeopteryx has a 


long bony tail, a feature that is also characteristic of prim- 
itive pterosaurs. 

Despite the presence of feathers, the forelimb of Ar- 
chaeopteryx shows no specifically avian features (Figure 
16-13). It retains three fully developed digits, a flexible 
carpus, and unaltered ulna and radius, as in dinosaurs. 
The skull is primitive in the retention of teeth and the 
limited fusion of the bones. 


(a) 
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Figure 16-12. SKULL OF ARCHAEOPTERYX. ( a ) Drawing based 
on the Eichstatt specimen. ( b and c) Reconstructions in lateral and dor- 
sal view. Abbreviations as in Figure 8-3, plus: Is, laterosphenoid; mpl, 
maxillo-palatine; pr, protic; sc, sclerotic ring. From Wellnhofer, 1974. 
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Figure 16-13. FORELIMBS OF BIRDS AND THEROPOD DINO- 
SAURS. (a) Modern pigeon, (b) Archaeopteryx. ( c ) Ornitholestes. (d) 
Deinonychus. From Ostrom, 1975a. 

It was once thought that the configuration of the 
pelvis and the presence of a furcula (wishbone) were 
uniquely avian features of the skeleton of Archaeopteryx, 
but both have been described in dinosaurs. Several ther- 
opods are known to have fused the clavicles medially to 
form a wishbonelike structure, and some Asian genera 
have rotated the pubis posteriorly in a birdlike pattern. 
The exact orientation of the pubis in Archaeopteryx is 
still debated. 

The portion of the skeleton that is most like that of 
modern birds is the rear limb (Figure 16-14). The head 
of the femur is inturned; the knee and the ankle form 
simple hinge joints, which indicate that movement was in 
the parasagittal plane; and the fibula is reduced. The prox- 
imal tarsals are integrated with the end of the tibia and 
the distal tarsals are fused to the ends of the metatarsals. 
The metatarsals are elongate and partially fused with one 
another. Three digits face forward and the first is turned 
to the rear. These features, which are very close to the 
modern avian pattern, are also very similar to those of 
small theropod dinosaurs and so must be considered to 
form a common dinosaur-avian heritage. 

Ostrom argues that to establish the origin of Ar- 
chaeopteryx is to establish the origin of birds. Archaeop- 
teryx has the most primitive structure that one could con- 
ceive for the immediate ancestors of birds, and only a few 
minor features of the skeleton have been demonstrated as 
being more specialized than those of later birds (Martin, 
1984). 

When Archaeopteryx was first described, it was 
thought to be closely related to dinosaurs. As that group 
became better known, it appeared that all dinosaurs were 
too specialized to be directly ancestral to birds. In his very 
influential book, Heilmann (1926) argued that Archaeop- 
teryx must have evolved from more primitive archosaurs, 
the Triassic thecodonts. There are no features of primitive 
thecodonts that preclude them from being the ultimate 
ancestors of both dinosaurs and birds, but no thecodonts 
can be demonstrated as sharing a unique, common an- 
cestry with birds. The features that they share are all 
primitive for archosaurs in general. Walker (1972), Mar- 


tin, Stewart, and Whetstone (1980), and Martin (1983) 
showed that there are some characters of birds that are 
shared with crocodiles, but there is no evidence that they 
are uniquely shared with a common ancestor of these 
groups. The high degree of specialization of the entire 
skull of early crocodiles makes it difficult to accept that 
similarities of particular aspects of the quadrate and mid- 
dle ear were the result of an immediate common ancestry. 

Ostrom (1975b) demonstrated that many specialized 
aspects of the skeleton of Archaeopteryx are uniquely 
shared with small theropods and with no other groups of 
archosaurs. These characters include the structure of the 
forelimbs and hind limbs, the shoulder girdle, and skull. 
There is a great overall similarity to Compsognathus, but 
this genus is too late in time (as a direct contemporary of 
Archaeopteryx) and too specialized in the reduction of 
the manus to two digits. No other adequately known 
theropod appears to be an appropriate ancestor. 

The divergence of the line leading to Archaeopteryx 
from that of primitive theropods may have occurred at 
any time during the late Triassic or early Jurassic. We 
have no more specific limits on the period of time during 
which the unique flight adaptations of this group evolved. 

FEATHERS AND THE ORIGIN OF FLIGHT 

Flight in Archaeopteryx is associated with a single char- 
acter that is capable of fossilization, feathers. The pres- 
ervation of feathers (or rather their impressions) is a rare 
phenomenon. They are known in Archaeopteryx only be- 
cause the remains of this genus were preserved in fine- 
grained, lithographic limestone. No dinosaurs are known 
to have had feathers. Some, including hadrosaurs and 
ceratopsians, are known from mummified remains show- 
ing the surface of the body that demonstrate that these 



Figure 16-14. Rear limbs of (a) the pterosaur Dimorphodon, ( b ) the 
theropod dinosaur Compsognathus , (c) Archaeopteryx, and (d) a pi- 
geon. Most of the birdlike features of the limb in Archaeopteryx were 
already achieved within dinosaurs. From Padian, 1983b. 
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genera lacked feathers, but feathers might have been pres- 
ent in other dinosaur groups without having been pre- 
served. It is more significant that feathers are not asso- 
ciated with the one very well-preserved skeleton of 
Compsognathus from Solenhofen (Ostrom, 1978). 

Developmental^, feathers and reptilian scales are ho- 
mologous structures. In contrast with hair, which is strictly 
epidermal in origin, feathers and scales incorporate me- 
sodermal tissue as well. Either feathers or scales can de- 
velop in a particular area of the skin but not both. This 
phenomenon is readily seen on the legs of birds such as 
domestic fowl, where the relative extent of the two tissues 
vary considerably. 

Avian flight depends on large flight feathers, but 
feathers are also vital for insulation. It is difficult to imag- 
ine how selection could have acted directly to produce 
the large structures that were necessary for flight. On the 
other hand, relatively slight changes in the size and struc- 
ture of reptilian scales would have been sufficient for them 
to function in insulating the body. Such insulation would 
have been important in any endotherm the size of Ar- 
chaeopteryx. In contrast, Feduccia (1985) argues that 
feathers arose initially for flight rather than for insulation. 

The primary and secondary wing feathers of Ar- 
chaeopteryx are already arranged in the same manner as 
in modern flying birds (Figure 16-15). It is nearly impos- 
sible to attribute selection for this arrangement to factors 
other than flight. Moreover, each feather has the char- 
acteristic of an airfoil as a result of the asymmetrical 
position of the shaft (Feduccia and Tordoff, 1979). The 



Figure 16-15. Arrangement of feathers in (a) Archaeopteryx and { b ) 
a modern bird, (c) The wing of a nestling hoatzin showing the presence 
of claws on the first and second digits. The rudiment of the first digit 
in modern birds supports the alula or bastard wing. The number and 
arrangement of the primary flight feathers correspond almost exactly 
between Archaeopteryx and modern birds. The shaft of the feather is 
dose to the anterior margin so that each feather acts as an airfoil. From 
Heilmann, 1926. 


absence of any uniquely avian characters of the forelimb 
and pectoral girdle suggests that Archaeopteryx must have 
been a weak flyer, but the nature of the feathers argue 
that it did fly. The proportions of the endocast are sig- 
nificantly advanced over the pattern of typical reptiles and 
approach the avian condition (Whetstone, 1983). 

The specific evolutionary sequence leading to the or- 
igin of avian flight remains subject to controversy (Hecht, 
Ostrom, Viohl, and Wellnhofer, 1985). Two major hy- 
potheses have been advanced. Heilmann ( 1 926) and many 
other authors argued that the immediate ancestors of Ar- 
chaeopteryx were arboreal. Feathers were elaborated to 
facilitate gliding from branch to branch and from trees 
to the ground. Active, flapping flight is thought to have 
evolved secondarily (Bock, 1985). Ostrom (1985 and ref- 
erences cited therein) suggests that flapping flight evolved 
in cursorial terrestrial ancestors. He specifically argues 
that flight evolved from a behavioral pattern involving 
anteroventral movement of the forelimbs associated with 
the capture of prey. 

Ostrom, as well as Padian (1985) and Caple, Baida, 
and Willis (1983) point out that specializations for gliding 
and flapping flight are antithetical and that a gliding an- 
cestry, as characterized by “flying” squirrels and “flying 
lemurs” (see Chapter 20), is very unlikely for birds or 
pterosaurs. In gliders, the wing membrane is attached to 
the body and extends between the front and rear limbs. 
The proximal, rather than the distal, elements of the limbs 
are elongated. The membrane of squirrels and flying le- 
murs have no internal support. In pterosaurs and birds, 
the distal elements, which would be most effective in flap- 
ping flight, are enlarged, but the proximal elements are 
not; the hind limbs are not involved in support of the 
flight membrane. 

The structure of the rear limbs of Archaeopteryx and 
most later birds is clearly an adaptation to rapid terrestrial 
locomotion. There is no evidence for arboreal speciali- 
zation, although the claw structure does not preclude 
climbing in trees. The great length of the distal elements 
of the forelimbs indicates that flapping was important for 
Archaeopteryx, whereas gliders would have had shorter 
limbs if the membrane continued all along the trunk. 

Caple, Baida, and Willis (1983) argue persuasively 
that landing on small branches, as in truly arboreal birds, 
requires extremely highly developed abilities of flight and 
maneuverability that are achieved in only the most ad- 
vanced groups of living birds. They contend that this fac- 
tor indicates that the early birds were primarily terrestrial 
in habits. Caple, Baida, and Willis maintain that the im- 
mediate ancestors of birds were rapidly running terrestrial 
predators that caught insects in their mouths. These proto- 
birds used the forelimbs to maintain stability while leaping 
after prey. Changing the distribution of weight at the ends 
of the limbs would be most effective in maintaining lateral 
stability. If the ends of the limbs provided even a small 
amount of lift, it would greatly increase stability. The 
movements of the limbs that would be used for main- 
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taining stability in small leaping dinosaurs are comparable 
with those used by birds in flapping flight. Such reasoning 
suggests a continuous functional transition between the 
two groups, without an arboreal intermediate. 


THE ORIGIN OF ADVANCED 
AVIAN FEATURES 

Leaving aside the feathers, all uniquely avian skeletal fea- 
tures of modern birds were achieved subsequent to the 
level of Archaeopteryx. The most conspicuous osteolog- 
ical changes were the reduction of the tail to a short 
pygostyle and the evolution of a large keeled sternum. 
The coracoid is greatly elongated and forms an articu- 
lating brace with the sternum. Where the coracoid, clav- 
icle, and scapula join one another is a conspicuous groove, 
the triosseal canal, which in living birds serves for passage 
of the tendon of the supracoracoideus muscle. This tendon 
extends dorsally from the muscle, passes through the canal 
(which acts as a pulley), and inserts on to the dorsal 
surface of the proximal end of the humerus (Figure 16- 
16). Although this muscle retains its primitive position 
ventral to the humerus, it lifts rather than depresses the 
forelimb. In modern birds, it is the largest muscle that 
raise the wing. As such, it is an important antagonist of 
the pectoralis and together they produce the flapping flight 
of modern birds. 

The configuration of the coracoid in Archaeopteryx 
indicates that the supracoracoideus muscle retained the 
primitive function, common to other tetrapods, and would 
have served to pull the humerus anteriorly and ventrally. 
Ostrom (1976b) traced the change in orientation of the 
force of this muscle through a series of hypothetical in- 


S upracoracoideus 



Figure 16-16. ANTEROLATERAL VIEW OF THE PECTORAL GIR- 
DLE AND STERNUM OF A PIGEON. Drawn to show the function 
of the supracoracoideus muscle. The upper arrow indicates the course 
and action of the supracoracoideus tendon from the insertion toward 
the triosseal canal. The lower arrows indicate the location of the pec- 
toralis, which is not illustrated. From Ostrom, 1 976 b. 


(a) 


(b) 


(c) (d) (e) (f) 



Figure 16-17. HYPOTHETICAL STAGES IN THE EVOLUTION OF 
THE AVIAN CORACOID. From the Archaeopteryx stage to that of a 
modern vulture, Cathartes. The arrows indicate the hypothesized course 
of the supracoracoideus fibers in each stage and their progressive de- 
flection resulting from evolutionary elevation and expansion of the bi- 
ceps tubercle ( = acrocoracoid). Upper arrows indicate the line of action 
of the supracoracoideus at each stage. Dashed lines indicate the acrom- 
ion and adjacent regions of the scapula. All stages are of a left coracoid 
viewed from the front. From Ostrom , 1 976b. 


termediate stages to the condition in modern birds (Figure 
16-17). He argues that the primitive function of the su- 
pracoracoideus in Archaeopteryx together with the ab- 
sence of a sternum indicate that this genus did not fly. 
Feduccia (1980) and others pointed out that bats retain 
a primitive supracoracoideus and, as in other tetrapods, 
the deltoid and coracobrachialis lift the forelimb. This 
pattern could have been operative in Archaeopteryx. The 
change in the function of the supracoracoideus was a 
refinement of flight but not a necessity. 

The structure of the forelimb has also changed sig- 
nificantly between Archaeopteryx and modern birds, with 
fusion of the carpals to form a simple hinge joint, fusion 
of the digits and metacarpals, and development of joint 
surfaces to facilitate folding of the wing (Figure 16-18). 

In contrast with the close skeletal similarities between 
Archaeopteryx and its theropod ancestors, a very large 
morphological gap separates this genus from all other 
known birds. For this reason, Archaeopteryx is placed in 
a subclass on its own, the Archaeornithes, with all other 
birds classified as Neornithes. 


(a) Lunate ( b ) Extensor process 



Figure 16-18. Comparison of the wrist area between (a) Archaeopteryx 
and (b) a modern bird, represented by Cathartes, showing suggested 
homology of elements. The pattern in Archaeopteryx retains all the 
features of coelurosaur dinosaurs. Abbreviations as follows: 1, II, III; 
metacarpals. From Ostrom, 1976b. 



Figure 16-19. THE AVIAN RESPIRATORY SYSTEM, REPRE- 
SENTED BY A MALLARD DUCK. One of its most distinctive features 
is the presence of numerous air sacs that are connected to the bronchial 
passages and the lungs. Additional air sacs that enter into the bones are 
not shown. Most of the air inhaled goes directly into the posterior sacs. 
As the respiratory cycle continues, the air passes through the lungs and 
into the anterior sacs. This mechanism provides a continuous flow of 
air through the lung, in contrast with all other tetrapods, in which the 
air is pumped into and out of blind sacs. From Schmidt-Nielsen, 1971. 


CRETACEOUS BIRDS 

No avian remains other than those of Archaeopteryx have 
been definitely identified from the Jurassic, although Jen- 
sen (1981 ) argued that vertebral, pelvic, and limb elements 
from the Upper Jurassic of Utah belong to more advanced 
birds (see Ostrom, 1986). 

All Cretaceous birds were much more advanced than 
Archaeopteryx and had already diverged along several 
distinctive adaptive pathways, which suggests that the 
appearance and initial diversification of the neornithes 
may have occurred within the Upper Jurassic among forms 
contemporary with Archaeopteryx. Considering the ex- 
tremely incomplete record of birds in the later Mesozoic, 
it would not be surprising if several lineages were present 
in the late Jurassic without their remains having been 
found. An animal very like Archaeopteryx might still have 
been their ultimate ancestor. 

We know two very different kinds of birds from the 
Lower Cretaceous. Ambiortus (Kurochkin, 1982), from 
the Neocomian of Central Asia, has a keeled sternum, 
elongate coracoids, and fused carpometacarpals resem- 
bling those of modern flying birds. It retains a third phal- 
anx on the major digit of the wing, in contrast with all 
more advanced birds, and is placed in an order of its own, 
the Ambiortiformes. In contrast, Enaliomis, from the Lower 
Cretaceous of England, is an early member of a highly 
specialized group of flightless diving birds, the Hesperor- 
nithiformes. Further evidence of the distribution of Lower 
Cretaceous birds is provided by the discovery of feathers 


in Australia (Rich, 1976) and footprints in western Can- 
ada (Currie, 1981). 

In the Upper Cretaceous, the Hesperornithiformes 
are among the most common and well-known birds not 
only throughout North America but in South America as 
well (Martin, 1984). Their remains are typically found in 
near-shore marine deposits. In all members of this group, 
the sternum lacked a keel and the forelimbs were greatly 
reduced. However, the feet were large as in loons and 
grebes, and they were probably foot-propelled divers. They 
are primitive in the retention of teeth and amphicoelous 
vertebrae. The nonpneumatic nature of the limb bones 
may have been a specialization for increasing their weight 
for more effective diving. The largest members of the 
genus Hesperornis were more than 1 meter high (Figures 
16-20 and 16-21). Baptornis was smaller and the fore- 
limbs were somewhat less reduced (Martin and Tate, 1976). 

A second order of Cretaceous toothed birds, the 
Ichthyornithiformes, is also well represented in shallow 
marine deposits in North America, but the strongly keeled 
sternum indicates that they were proficient flyers. In pro- 
portions and possibly in habits Ichthyornis (Figure 16- 
22) resembled gulls, but it is not thought to be related to 
any of the modern orders. Both orders of toothed birds 
became extinct near the end of the Cretaceous. 



Figure 16-20. SKELETON OF THE UPPER CRETACEOUS DIVING 
BIRD HESPERORNIS, WHICH REACHED MORE THAN 1 METER 
TALL. The forelimb is reduced to a slender humerus and the sternum 
lacks a keel. From Marsh, 1880. 
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(a) Quadratojugal 



( b ) Quadrate 



Quadratojugal Angular 




Pterygoid 


Figure 16-21. RESTORATION OF THE SKULL AND LOWER JAW OF HESPERORNIS. {a) Dorsal, ( b ) lateral, (c) palatal, 
and ( d ) occipital views. As in advanced birds, teeth have been lost from the premaxilla but they are retained on the maxilla 
and dentary. The palate retains primitive features common to coelurosaur dinosaurs, including a movable basicranial joint 
and a large vomer. Courtesy of Larry Martin. 



Figure 16-22. SKELETON OF THE UPPER CRETACEOUS BIRD 
ICHTHYORNIS. A well-developed keel is on the sternum. There had 
been some question as to whether this genus had teeth, but this fact is 
now firmly established. From Marsh, 1880. 


Other, less-well-known late Cretaceous birds include 
Enantiornis from Argentina, whose pectoral girdle and 
wing elements indicate well-developed flight capabilities, 
and Gobipteryx from Mongolia (Walker, 1981; Elza- 
nowski 1981). Neither closely resembles other Cretaceous 
birds or any genera from the Cenozoic. Alexornis, which 
Brodkorb (1976) described from Baja California, was 
originally thought to be related to the Coraciiformes and 
Piciformes, but Olson (1985) now considers that it may 
be related to the Enantiornithiformes. 

Only two modern orders are currently recognized 
from the Upper Cretaceous (Olsen, 1985). Remains from 
New Jersey and Wyoming appear to be members of the 
Procellariiformes (represented in the modern fauna by the 
albatrosses and petrels) and the Charadriiformes, whose 
closest living representatives are the shorebirds, gulls, and 
auks. These fossils demonstrate that the diversification of 
the modern orders began prior to the Cenozoic but pro- 
vide little evidence of their interrelationships. 

Cenozoic birds 

All birds that we know from the Cenozoic appear to 

share a common ancestry above the level of the toothed 
Hesperornithiformes and Ichthyornithiformes. The fossil 
record demonstrated that at least some of the modern 
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orders had already differentiated by the end of the Me- 
sozoic, but their remains are so incomplete that it is not 
possible to establish the common skeletal pattern from 
which they evolved or to establish their interrelationships. 

Within the modern fauna, birds are the most exten- 
sively studied class of vertebrates other than mammals. 
Taxonomy at the species level is very completely known; 
Welty (1982) estimates that no more than 2 percent of 
the living species remain to be described. Parkes (1975) 
listed approximately 8900 living species that are grouped 
in 166 families and approximately 27 orders. In contrast 
with our knowledge at the level of the species and family, 
little evidence is available to establish the interrelation- 
ships of the many orders. 

The species, genera, and families of modern birds are 
for the most part readily recognized and distinguished 
from one another on the basis of the feathers, soft anat- 
omy, and behavior. All of these features are associated 
with particular ways of life that differentiate the long- 
accepted orders. On the other hand, very few specialized 
(or derived) characters have been recognized that dem- 
onstrate specific sister-group relationships between any of 
these orders. Nearly all modern texts classify the living 
orders in a linear sequence based on ideas that were for- 
mulated in the last century regarding what were then 
thought to be primitive and advanced characters of living 
birds (Table 16-1). By modern criteria, some aspects of 
this sequence appear quite arbitrary, such as the place- 
ment of penguins in a position that implies that they are 
among the most primitive of Cenozoic birds, and the clas- 
sification of diurnal predators, the Falconiformes, be- 
tween the groups including ducks and swans (Anseri- 
formes) and that represented by the chickens (Galliformes). 

Nearly all of the living orders have some fossil record, 
but it has so far contributed little to an understanding of 
their interrelationships (Figure 16-23). There are several 
reasons for this problem. Only a few bones or parts of 
bones are both sufficiently robust to be preserved and 
sufficiently diagnostic for identification. In addition, pow- 
ered flight requires that most elements of the skeleton be 
constrained to a particular pattern. The potential for change 
is very limited. Families that have adapted to particular 
ways of life may appear extremely similar to one another, 
even if they evolved from different ancestral groups. Diur- 
nal predators, perching birds, foot-propelled divers, and 
large soaring birds may each have very similar skeletal 
specializations, but this does not necessarily indicate close 
common ancestry. 

Among most orders, a few remains document the 
appearance of modern genera as early as the middle or 
late Miocene. We can identify many living families from 
the Late Eocene or Oligocene on the basis of isolated 
skeletal elements. Earlier remains typically differ so much 
from modern genera that it is difficult to establish to which 
family they belong, and many specimens have been placed 
in a succession of orders by different authors because the 
differences in the configuration of particular bones may 


TABLE 16-1. Classification of Birds That Appears in Most 
Modern Texts 

Class Aves 

Subclass Archaeornithes 
Archaeopterygi formes 
Subclass Neornithes 

Superorder Odontognathae 
Hesperornithiformes 
Ichthyornithiformes 
Superordcr Ncognathae 
Struthioniformes 
Rheiformes 
Casuariiformes 
Aepyornithiformes 
Dinornithiformes 
Apterygiformes 
Tinamiformes 
Sphenisciformes 
Gavii formes 
Podicipediformes 
Procellariiformes 
Pelecaniformes 
Ciconiiformes 
Anseriformes 
Falconiformes 
Galliformes 
Grui formes 
Charadriiformes 
Columbiformes 
Psittaciformes 
Cuculiformes 
Strigiformes 
Caprimu Igiformes 
Apodiformes 
Coliiformes 
Trogomformes 
Coraciiformes 
Piciformes 
Passeriformes 


be greater between genera within orders than between 
members of different orders. 

Nevertheless, some fossils from the early Cenozoic 
do provide clear evidence to support relationships be- 
tween modern orders, and current study of both the anat- 
omy and biochemistry of modern birds suggests grouping 
of orders in a sequence that is far different from that 
provided in most texts. Feduccia (1980) and Olson (1985) 
used this evidence to propose a new arrangement of the 
Cenozoic orders. Many of their suggestions are followed 
in this chapter. 

However, one very serious problem remains to be 
resolved, namely, the classification of a large assemblage 
of flightless birds termed the ratites. 
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Figure 16-23. TEMPORAL DISTRIBUTION OF AVIAN ORDERS. Orders without a fossil record are not included. 
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Although the most important characteristic of birds is 
their ability to fly, flightlessness has evolved in many lin- 
eages of both fossil and modern bird groups. In general, 
it can be attributed to situations in which selection favored 
attributes such as large body size that were incompatible 
with flight. Flightlessness has also evolved in birds that 
were isolated on oceanic islands where the absence of 
terrestrial predators made it unnecessary for them to es- 
cape by flight. 

The ancestry of many flightless birds can be traced 
to the well-known orders of flying birds. The recently 
extinct dodo from the island of Mauritius and the solitaire 
from Reunion Island are closely related to pigeons. Nu- 
merous other examples from the fossil record include a 
giant flightless goose on the Hawaiian islands (Olson and 
Wetmore, 1976), the giant auk of the North Atlantic, and 
giant analogues of the penguin that lived around the mar- 
gin of the North Pacific Ocean. 

Other flightless birds are so distinct from all orders 
of flying birds that their relationships have not yet been 
established. One of the most perplexing problems is the 
phylogenetic position of a number of flightless orders, 
including the kiwis, ostriches, rheas, cassowaries, and emus. 
They are grouped as ratites, in reference to the flat “raft- 
shaped” sternum that lacks a keel. The forelimbs and 
flight feathers are reduced to a variable extent. 

Since flight has been lost in some members of other 
avian orders, the ratites may not have had a common 
ancestry but evolved their distinctive features conver- 
gently from a number of different ancestral groups as a 
result of similar selective pressures for a common way of 
life. On the other hand, the presence of similar characters 
suggests that they may share a common ancestry. 

As early as 1867, Huxley recognized distinctive fea- 
tures in the palate of all ratites that he suggested were 
indicative of a common ancestry (Figure 16-24). These 
features include a large vomer firmly attached to the pter- 
ygoid, the absence of a joint between the pterygoid and 
palatine, and the presence of a movable joint between the 
base of the braincase and the pterygoid. Huxley recog- 
nized that these were primitive features and termed the 
ratite palate palaeognathous. 

The palate in most flying birds (termed neognathous) 
has become much more mobile. The basipterygoid artic- 
ulation with the braincase is lost, a joint is present between 
the pterygoid and palatine, and the vomers are reduced 
and do not reach the pterygoid or are lost entirely. 

We now recognize that the presence of primitive fea- 
tures is not sufficient to establish that groups have a mon- 
ophyletic origin (Hennig, 1966; Wiley, 1981). If the struc- 
ture of die palate in ratites is truly primitive, it only indicates 
that they evolved from near the base of the radiation that 
gave rise to other Cenozoic birds, prior to the origin of 
the modern orders with neognathous palates. However, 
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Figure 16-24. PALAEOGNATHOUS AND NEOGNATHOUS PAL- 
ATES. ( a and b) Palaeognathous palates of the cassowary and the rhea. 
From Feduccia, 1980. Reprinted by permission of Harvard University 
Press, (c) Neognathous palate of the Bronze Turkey. From Lucas and 
Stettenheim, 1972. Abbreviations as in Figure 8-3. 

this evidence does not preclude ratites from having had 
a common ancestry. 

One group of early Cenozoic birds, which Houde 
and Olson (1981) described but did not name, demon- 
strates the combination of a palaeognathous palate with 
the body of a typical flying bird that had a large keeled 
sternum (Figure 16-25). One or more of the ratite orders 
may have evolved from this group, although there are no 
specific features that demonstrate such affinities. 

It is also possible that the palaeognathous features 
of the palate in ratites are not strictly primitive but have 
evolved as a result of neoteny by elaboration of primitive 
features that are evident in early developmental stages of 
neognathous birds (Feduccia, 1980; Olson, 1985). The 
loss of the sternal keel and the reduction of the wing in 
flightless birds can be attributed to a delay in develop- 
mental processes so that the adult retains an essentially 
embryonic condition. Changes in developmental patterns 
affecting the pectoral girdle and forelimbs may also in- 
fluence the skull, although the changes in the palate would 
also have to be selectively advantageous. There is no ob- 
vious reason why a palaeognathous palate would be se- 




348 



lected for in ratites and not in other modern flightless 
birds, nor is there any fossil evidence for such a reversal. 

With the possible exception of ostriches, there is no 
fossil evidence linking any of the ratite orders with any 
of the other avian orders. Although there is no strong 
evidence that they share a unique common ancestry, they 
may still be more closely related to one another than they 
are to any of the modern orders of flying birds. 

The palaeognathous palate is also present in the tin- 
amous (Order Tinamiformes), which are common mem- 
bers of the modern fauna of South and Central America. 
They resemble the quails and partridges but are not thought 
to be closely related to them. All members of this group 
forage for food on the ground but are capable of strong 
flight for short distances and have a strongly keeled ster- 
num. Their ground-dwelling habits are what might be 
expected in the ancestors of ratites, and they have often 
been linked with the origin of rheas and, possibly, other 
flightless birds (Cracraft, 1974). Tinamous are known no 
earlier than the late Pliocene, and their fossil record pro- 
vides no evidence of their affinities. 

Ratites 

All other late Cenozoic birds with a palaeognathous palate 
are flightless. The reduction of the forelimb and loss of 
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Figure 16-25. (a) Reconstruction of the skeleton of an unnamed genus 

from the Paleocene of Montana that has a keeled sternum but a pa- 
laeognathous palate. The tail, like that of a ratite, is very short. Ap- 
proximately 40 centimeters tall. Courtesy of Peter Houde. Skull in lateral 
and palatal views. Abbreviations as in Figure 8-3. Prom Houde and 
Olson, 1981. With permission from Science. Copyright 1981 by The 
American Association for the Advancement of Science. 


the keel are certainly specializations relative to the con- 
dition in primitive flying birds. They also resemble one 
another in the presence of a broad unossified region be- 
tween the ilium and ischium, the ilioischiadic fenestra. 
This feature is certainly primitive since it is evident in 
Mesozoic birds as well. 

Idle current ranges of kiwis, rheas, cassowaries, emus, 
and ostriches, as well as the now extinct moas and ele- 
phantbirds, are restricted to the Southern Hemisphere. 
Cracraft (1976) used this distribution to suggest that they 
must have shared a common ancestry among forms, such 
as the tinamous, that were restricted to the Gondwana- 
land continents. However, the fossil record of the os- 
triches indicates that they were common in Eurasia in the 
late Tertiary. 

Elephantbirds and Moas 

Two extinct groups that are customarily allied with the 
living ratites are the elephantbirds (Order Aepyornithi- 
formes) from Madagascar and the moas (Order Dinor- 
nithiformes) from New Zealand. Neither has a fossil re- 
cord earlier than the Pleistocene, and both became extinct 
following the appearance of man on these islands. We 
think that both groups were browsers, a way of life that 
was permitted by the absence of large herbivorous mam- 
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mals. In contrast with ostriches, rheas, and cassowaries, 
which must be fleet to escape continental predators, the 
moas and elephantbirds had short, thick metatarsals and 
a graviportal stance. Cracraft (1976) recognized five gen- 
era and thirteen species of moas that ranged in size from 
that of a turkey to Dinornis, which reached 3 meters in 
height. 

The elephantbirds were not as tall as the moas, but 
Aepyomis maximus (one of seven species) may have reached 
a weight close to 500 kilograms. Elephantbirds retained 
vestiges of wings, but these were lost entirely in the moas. 

In the absence of fossils of elephantbirds or moas 
outside of Madagascar and New Zealand, it is probable 
that their ancestors flew to these islands and then became 
flightless. There is no strong evidence to link them to any 
specific group of flying birds. 

Rheas 

Members of the Rheiformes have been restricted to South 
America throughout their known history. The only Ter- 
tiary genus now assigned to the Rheidae is Heterorhea 
from the late Pliocene of Argentina that is based on the 
distal portion of a tarsometatarus (Olson, 1985). Leg and 
wing bones from the late Paleocene of Brazil demonstrate 
the earlier appearance of other flightless birds in South 
America, but these remains cannot be assigned to any 
specific order. 

Cassowaries and Emus 

The Casuariiformes are confined to Australia, New Guinea, 
and adjacent islands. Their only Tertiary record is that of 
an emu from the Lower Pliocene of South Australia. Cas- 
sowaries are distinguished by the presence of a large bony 
casque that extends from the forehead like a helmet. Un- 
like the other large ratites, they inhabit forests rather than 
open country. 

Kiwis 

The chicken-sized kiwis are the smallest of the ratites. 
They are confined to thick, swampy forests in New Zea- 
land. They use their long slender bill to probe for worms 
and are aided by a sense of smell that is uncommonly 
acute among birds. Kiwis nest in underground burrows 
and lay eggs that are more than 15 centimeters long. Their 
fossil record, which is limited to the Pleistocene, casts no 
light on their origin. Except for the structure of the palate 
and common attributes of flightlessness, they share few 
features with other ratites. 

Ostriches 

The Struthioniformes are the largest living birds. Like the 
other large ratites, they feed primarily on plant food but 
also eat insects and other small animals. The last ostriches 
in Arabia were killed during World War II. This group 
is now restricted primarily to central and southern Africa. 

The ostriches are the only group of ratites in which 
the fossil record contributes significantly to establishing 
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Figure 16-26. The distal ends of the left tarsometarsi of (a) Proergi- 
lorttis, showing the beginning of reduction of the inner trochlea, and 
( b ) Struthio, in which the inner trochlea is reduced to a stub and the 
inner toe is completely lost. From Feduccia, 1980. Redrawn by per- 
mission of Harvard University Press. 


their prior history. Remains of the modern genus Struthio 
are known as early as the Upper Miocene in Turkey (Sauer, 
1979). Kurochkin and Lungu (1970) assigned most Pli- 
ocene and Pleistocene specimens, ranging from Greece to 
China, to the species S. asiaticus. They suggest that it is 
a direct ancestor of the living species. 

The remains of ostriches are readily recognized by 
the fact that they alone among modern birds have only 
two toes (Figure 16-26). On this basis, many other fossils 
ranging back to the Eocene have been included within the 
Struthioniformes (Olson, 1985). Several families have been 
named to include these forms, but all might be synony- 
mized with the Struthionidae. The Geranoididae, which 
include several superficially cranelike birds from the early 
and middle Eocene of North America, are known pri- 
marily from fragmentary tibiotarsi and tarsometatarsi. 
The Eogruidae, which are based on similar material, occur 
in the late Eocene and early Oligocene of Central Asia. 
We know the Ergilornithidae from the early Oligocene of 
Asia and Europe (Kurochkin, 1981). 

On the basis of these fossils, which demonstrate the 
gradual reduction of the lateral digit among large, crane- 
like birds, Olson suggests that the ostriches should be 
included within the Gruiformes, which are otherwise ex- 
emplified by cranes and rails. This affiliation assumes that 
the palaeognathous palate of ostriches was derived from 
the neognathous pattern of other gruiformes through neo- 
teny, independently of other ratites. 

THE BASAL LAND BIRD ASSEMBLAGE 

The neognathous palate is certainly a specialized structure 
relative to that of Mesozoic birds and indicates that all 
orders in which it is present share a common ancestry. 

In most modern classifications, the ratites are fol- 
lowed by a series of aquatic groups, then by the birds of 
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prey, and finally a sequence of terrestrial birds, culmi- 
nating with the passerines. Placement of the avian orders 
in such a linear sequence is partially an artifact of the 
Linnean system of classification and partially a reflection 
of our general ignorance of the actual relationship of most 
orders. 

The fossil record shows that most modern families 
were present by the end of the Eocene, which indicates a 
rapid radiation within the late Mesozoic and earliest Cen- 
ozoic. Many of the orders may have arisen from a com- 
mon ancestral stock with few clearly definable sister-group 
relationships. 

Feduccia (1980) and Olson (1985) maintain that there 
was a major dichotomy between two large groups, the 
water bird assemblage on one hand and more terrestrial 
forms on the other. Olson suggests that they shared a 
close common ancestry and that each large assemblage 
can be divided into primitive and advanced representa- 
tives. 

Olson (1985) groups the following orders among the 
primitive land bird assemblage: 

Cuculiformes, including the hoatzin, cuckoos, and 
roadrunners 

Falconiformes, diurnal predators, excluding the 
Vulturidae 

Galliformes, including game birds and domestic 
fowl 

Columbiformes, pigeons, and the dodo 

Psittaciformes, parrots 

Of all these groups, the Cuculiformes may be the 
most primitive. Olson places the hoatzin (Family Opisth- 
ocomidae) near the base of all land birds. The hatchlings 
of the genus Opisthocomus are characterized by the pres- 
ence of clawed digits on the wing (see Figure 16-15). This 
feature resembles that of Archaeopteryx but is almost 
certainly not the result of direct inheritance, since the 
adult wing resembles that of other advanced birds. The 
Opisthocomidae shares no unique derived characters with 
any of the more advanced land bird orders and may rep- 
resent an ancestral stock. However, the modern genus is 
specialized in being strictly herbivorous, with an enor- 
mous crop to assist in digesting arum leaves that are the 
principal component of its diet. 

The Cuculiformes are widespread throughout the 
tropical and temporate regions of the world in a pattern 
that suggests an early Tertiary radiation. The feet are 
specialized in having the outer toe reversed to better grasp 
twigs. This pattern is termed zygodactylous. 

The Galliformes, which include grouse, quail, pheas- 
ants, domestic chickens, guineafowls, turkeys, peafowl, 
and some less familiar families such as the Australian 
mound builders and the South American curassows, have 
a fossil record going back to the Lower Eocene. Most 
features of the skeleton are primitive. They are basically 
ground birds but can fly well for short distances. Some 
authorities place the hoatzin within the Galliformes be- 


cause of its large crop. Olson suggests that this order may 
share a close common ancestry with the Cuculiformes. 

The Columbiformes, which are represented in the 
modern fauna by the sand grouse, pigeons, and doves, 
are known from the fossil record as early as the late Eocene. 
The dodos and solitaires, which inhabited the islands of 
Mauritius, Rodriquez, and Reunion prior to their extinc- 
tion in the seventeenth and eighteenth centuries, are usu- 
ally placed in a separate family because of their loss of 
flight, but Olson includes them with the pigeons in the 
family Columbidae. 

Parrots (order Psittaciformes) are known from the 
Lower Miocene. They are specialized in the evolution of 
a zygodactylous foot structure but are otherwise similar 
in some respects to pigeons and may share a common 
ancestry with them. 

Vultures, eagles, hawks, and falcons have long been 
classified together because of their similar predatory ad- 
aptations. All have a sharply hooked beak with a soft 
mass called a cere across its top through which the nostrils 
pass and powerful feet with long claws and an opposable 
hind toe. Jollie (1976—1977) argued that this is probably 
not a natural, monophyletic grouping. The Falconidae has 
a fossil record going back to the early Miocene in South 
America. Olson (1985) suggests that the Falconidae may 
have evolved from the basal radiation of land birds within 
that continent. 

There is currently no firm hypothesis as to the specific 
relationships of the hawks and eagles (family Accipitri- 
dae), despite their long fossil record. Brodkorb (1964) 
recognizes 62 extinct species, the earliest of which is from 
the late Eocene or early Oligocene of France. We find 
modern forms in the Middle Miocene. The skull resembles 
that of the secretary bird, family Sagittariidae, another 
large predator that has customarily been placed in the 
Falconiformes. This family has only a single living species 
confined to Africa, but extinct genera are recognized from 
the Middle and Upper Oligocene and Lower Miocene of 
France. Included within the Accipitridae are the vultures 
of the subfamily Aegypiinae, which are now confined to 
the Old World. This group was common in North Amer- 
ica during the Tertiary, and only became extinct there 
during the Quarternary (Rich, 1980). Fossils of ospreys 
(Pandionidae) are known in the Old World as early as 
the Oligocene, but the nature of the relationships of this 
group with other members of the Falconiformes is un- 
certain. 


THE HIGHER LAND BIRD ASSEMBLAGE 

Olson (1985) concludes that the advanced land birds be- 
long to a monophyletic assemblage, including the order 
Coraciiformes (within which the rollers and kingfishers 
are well-known forms), Strigiformes (owls), Caprimul- 
giformes (oil birds, frogmouths, and potoos), Apodi- 
formes (swifts and hummingbirds), Piciformes (wood- 
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peckers), and the Passeriformes (including some 5000 
species of songbirds). It corresponds to the group An- 
omalogonatae as constituted by Beddard (1898). This as- 
semblage is characterized by the consistent absence of the 
ambiens muscle, which is present in nearly all families of 
other avian groups. 

Most of the higher land birds have specialized the 
articulation between the tarsometatarsus and the base of 
the digits to permit a better grip on small branches. How- 
ever, the specific way in which the elements articulate 
differs from family to family, and similar patterns may 
have evolved separately in members of different orders. 

Olson suggests that the Coliiformes may represent a 
link between the Anomalogonatae and the basal land bird 
assemblage. The colies, also termed mousebirds in ref- 
erence to their rodentlike scurrying in the foliage, include 
only two modern genera that are restricted to Africa. This 
group is peculiar in having both the outer and hind toes 
reversible so that two, three, or four toes may face for- 
ward. Ballmann (1969) described members of this group 
from the Upper Eocene and Miocene of Europe, some of 
which may belong to the modern genera. 

Coraciiformes 

The most primitive members of the higher land bird as- 
semblage are the Coraciiformes, within which the rollers 
(named for their aerial acrobatics) may be considered an 
ancestral assemblage. Olson (1985) identified a beauti- 
fully preserved specimen from the early Eocene of North 
America as very similar to the genus Eurystomus, which 
would provide the earliest known record of any extant 
avian genus. Rollers and kingfishers are both character- 
ized by having two front toes (III and IV) joined part way 
in their length. We know fossils of modern families of 
Coraciiformes from the Eocene and Oligocene of Europe 
and North America. 

Olson removes the hoopoes (family Upupidae) and 
the hornbills (Bucerotidae) from the Coraciiformes and 
places them closer to the stock that includes the wood- 
peckers and passerines. On the other hand, he uses the 
common presence of specialized features of the stapes, 
which Feduccia (1975) described, to include the Trogon- 
idae within the Coraciiformes, close to the kingfishers. 
The trogons are a group of brightly colored birds common 
in the tropics of both the New and Old World, that are 
unique in having the inner, rather than the outer, toe 
reversible. 

Olson (1982) also includes the suborder Galbulae in 
this order. This group, which includes jacamars and puff- 
birds, is usually considered close to the woodpeckers be- 
cause of the zygodactylous nature of the feet, although 
the configuration in the two groups is quite different. 
Jacamars are iridescent birds that are currently centered 
in the New World tropics. 

As the Coraciiformes are defined by Olson, this group 
was the dominant order of arboreal perching birds in 
North America and Europe during the early Tertiary. He 
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suggests that the early members of this assemblage may 
have been part of a stem group that gave rise to several 
more derived orders. Both the Strigiformes and Capri- 
mulgiformes may have evolved from early rollers, and the 
Caprimulgiformes in turn may have given rise to the 
Apodidae (swifts) and the hummingbirds. 

Strigiformes and Caprimulgiformes 
Rich and Bohaska (1981) recognized the oldest-known 
owl, Ogygoptytix, on the basis of a tarsometatarsus from 
the Paleocene of Colorado. It appears to belong to a group 
that could include the ancestry of both living owl families. 
Several other early Tertiary owls have been placed in a 
separate group, the Protostrigidae (Mourer-Chauvire, 
1981). Complete skeletons of owls are known from the 
Oligocene. Modern genera appear in the Miocene. The 
largest of all owls are from the Pleistocene of Cuba (Ku- 
rochkin and Mayo, 1973). The limbs are relatively small 
and the sternum is reduced, but Olson doubts that they 
were flightless. 

The Caprimulgiformes encompass a diverse group of 
families including the echo-locating oil bird, frogmouths, 
nightjars, and goat suckers, all of which are mainly noc- 
turnal and have gaping mouths for catching insects. All 
have been reported from the late Eocene or the Oligocene 
of France (Mourer-Chauvire, 1982) and the owlet-frog- 
mouths (Aegothelidae) are known from the middle Mio- 
cene of Australia (Rich and McEvey, 1977). 

Apodiformes and Trogoniformes 

We know primitive swiftlike birds from as early as the 
Lower Eocene in England and North America. Primapus, 
which is based on several humeri, is placed in an extinct 
family Aegialornithidae. Early swifts are very similar to 
members of the Caprimulgiformes, and Olson suggests 
that these groups might be combined into a single order. 
The earliest true swifts appear in the early Miocene of 
France. There is no Tertiary record of the hummingbirds 
(Trochilidae). They are usually placed with the swifts, but 
this association is not well documented. Cohn (1968) sug- 
gested that they may be closer to the Passeriformes. 

Bucerotiformes 

Olson suggests that the higher land birds may be divided 
into two lineages, one centered about the Coraciiformes 
and a second including the passerines and the woodpeck- 
ers. Three families, the Upupidae, the Phoeniculidae and 
the Bucerotidae, that are typically included in the Cora- 
ciiformes appear to be closer to the pico-passere lineage. 
The Bucerotidae (hornbills) are first represented in the 
middle Miocene of Morocco by a very distinctive tarso- 
metarsus. Among the Upupidae and Phoeniculidae (hoo- 
poes and wood hoopoes) only the latter have a Tertiary 
fossil record, which goes back to the early Miocene of 
Europe (Ballmann, 1969). 
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Piciformes 

Woodpeckers, barbets, and toucans are characterized by 
their zygodactylous foot structure, with the outermost toe 
reversed to parallel the hind toe. This structural special- 
ization is accompanied by characteristic changes in the 
muscles and tendons of the hind limb. Toucans, which 
are distinguished by their enormous bills, have no signif- 
icant fossil record. We know barbets from the early Mio- 
cene. True woodpeckers, Picidae, which are specifically 
adapted for tree trunk foraging, appear in the middle 
Miocene. 

Passeriformes 

Passerine birds include over 5000 species and are domi- 
nant elements of the avian fauna on all continents except 
Antarctica. However, their fossil record is still very sketchy. 
Fifty to seventy families are recognized on the basis of 
species diversity, but they may differ from one another 
osteologically less than do genera of other avian orders. 

Ornithologists recognize two large groups of passer- 
ines on the basis of the complexity of the syrinx and the 
structure of the stapes. Four-fifths of the modern species, 
including the songbirds of the temperate zone, are grouped 
among the oscines (suborder Passeres), which are char- 
acterized by a complex syrinx with more than three pairs 
of intrinsic muscles. Ames (1971) argued that the spe- 
cializations of this structure demonstrate that all members 
of this huge assemblage share a close common ancestry. 

The suboscines are now the dominant passerines of 
South America, where they total about 1000 species. They 
have a more primitive but variable pattern of the syrinx 
-than do the oscines, but, according to Feduccia (1980), 
they can be accepted as a monophyletic group on the basis 
of the specialized structure of the stapes, which is char- 
acterized by a large, bulbous footplate. 

Only a single fossil of a suboscine has been reported 
from the Tertiary, an unidentified species of the family 
Eurylaimidae from the early Miocene of Europe (Ball- 
mann, 1969). This family, commonly referred to as broad- 
bills, includes brightly colored birds of the Old World 
tropics. 

The earliest-known passerines come from deposits in 
France that are latest Oligocene in age. No fossils of pas- 
serines are known in North America until the Miocene, 
despite a relatively good record of other bird groups. This 
absence supports the contention that they did not become 
important elements of the avian fauna of the Northern 
Hemisphere until late in the Tertiary, when they replaced 
the previously dominant Coraciiformes. However, they 
rapidly achieved dominance. In the early Miocene de- 
posits at Wintershof West in Bavaria, they outnumber all 
other birds combined (Ballmann, 1969). 

Oscines appear to have originated in the Old World, 
probably in the tropics, and spread into North America 
by the middle to late Miocene. They apparently became 
established in South America during the late Tertiary. The 
suboscines came north with the rise of the Panama land 


bridge in the late Pliocene and are now represented in 
North America by the flycatchers, Tyrannidae, many 
members of which migrate between North and South 
America. 

Feduccia (1980) summarized the major groups of 
passerines. Sibley (1970) and Raikow (1978) have pro- 
vided detailed classifications. 


THE WATER BIRD ASSEMBLAGE 
Gruiformes 

According to Olson (1985), all remaining birds may be 
included in a single assemblage that arose late in the Me- 
sozoic from the base of the land bird radiation. Most of 
this group is specialized for life in or over the surface of 
the water. The most primitive modern order within the 
assemblage, the Gruiformes, includes cranes, limpkins, 
and rails. Most inhabit an aquatic or swampy environ- 
ment, but a few live on dry land and some even in deserts. 
Some genera are strong flyers, but others have a limited 
tendency to fly, and still others are flightless. Within the 
Gruiformes, many families have disjunct distributions and 
a higher percentage of recently extinct genera than any 
other major order of birds. Both features suggest great 
antiquity for the group. 

Olson recognizes the family Cariamidae as the most 
primitive living gruiforms, and early Tertiary fossils link 
them to the base of the land bird assemblage. The car- 
iamids are relatively large cursorial predators and scav- 
engers that are now restricted to South America. They are 
capable of flight but are not strong flyers. Their greatest 
skeletal resemblance is to the hoatzin, which may be close 
to the base of the land bird assemblage. 

The living members of the Cariamidae provide a model 
for the skeletal pattern of a group that could have given 
rise to the diverse forms making up the water bird assem- 
blage, although their fossil record goes back no further 
than the late Pliocene. We know closely related genera, 
which are placed in the families Bathornithidae and Idior- 
nithidae, from the early Tertiary of North America and 
Europe. The Cariamidae are classified within the suborder 
Cariamae, which also includes one or more groups of 
giant, early Tertiary predators. 

During the early Cenozoic, there were relatively few 
large mammalian carnivores. At that time, South America 
was isolated from the other continents and no cursorial 
carnivores evolved among the native marsupials until late 
in the Cenozoic. Their role was taken by large predaceous 
birds of the family Phorusrhacidae (commonly referred 
to as Phororhachidae). We know the phorusrhacids from 
the early Oligocene to the late Pliocene in South America. 
All are flightless. Among the dozen or more species, some 
reached nearly 3 meters tall. Their huge skulls, up to 48 
centimeters long, would have made them extremely for- 
midable predators (Figure 16-27). This group was long 
thought to have been restricted to South America, but 
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Figure 16-27. PHORUSRHACUS [PHORORHACOS]. A gigantic 
nonflying predaceous bird from the Tertiary of South America, ap- 
proximately 1.5 meters tall. From Andreivs, 1901. 

Brodkorb (1963) described a distinct genus from the Pli- 
ocene of Florida that probably entered North America 
over the Panama land bridge in the late Pliocene. Even 
more striking was the discovery of a phorusrhacid from 
the Eo-Oligocene of France, which Mourer-Chauvire (1981) 
reported. 

A second family of large, flightless, predatory birds 
is known from the northern continents in the early Ter- 
tiary. The Diatrymidae are frequently allied with the Grui- 
formes, although Olson (1985) considers that they are 
best placed in a separate order, the Diatrymiformes. They 
are restricted to the Paleocene and Eocene but have been 
described from China as well as North America and Eu- 
rope. They reached more than 2 meters in height and, like 
the phorusrhacids, had huge skulls (Figure 16-28). The 
legs were shorter and more massive, with large claws. 

Among the living gruiform families that have a fossil 
record, the Rallidae are known from the late Oligocene. 
Rails (including coots) are of interest because they include 


a great number of flightless species. Many are known on 
isolated oceanic islands. Some species include both flying 
and flightless races, which suggests that the loss of flight 
may occur very rapidly. Unfortunately, the fossil record 
tells us little about the history of the family (Olson, 1977a). 

The cranes (Gruidae) are recognized from the late 
Eocene on the basis of a coracoid with a large pneumatic 
fossa on the sternal end of the dorsal surface (Cracraft, 
1973). Nearly complete skeletons are known from the 
early Oligocene in North America. 

Herons and bitterns are typically classified with the 
storks in the Ciconiiformes, but Olson argues that their 
relationships cannot be established on the basis of pres- 
ently available evidence and he places them adjacent to 
the Gruiformes. Their fossil record extends back to the 
Eo-Oligocene. 

Olson also allies the grebes (usually placed in their 
own order, Podicipediformes) close to the Gruiformes. 
They are strong-swimming, foot-propelled divers. Asso- 
ciation with the Gruiformes is suggested by the neck mus- 
culature (Zusi and Storer, 1969) and by cranial similarities 
between grebes and rails. The fossil record, which goes 
back to the Lower Miocene, does not help to establish 
their affinities. Some grebes can fly well, while others are 
completely flightless. 



Figure 16-28. SKELETON OF THE GIANT PREDATORY BIRD 
DIATRYMA. This represents a family that was common in Asia, North 
America, and Europe during the Early Tertiary. This genus was more 
than 2 meters tall. From Matthew and Granger, 1917. 
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Charadriiformes 

The Charadriiformes are a diverse group with approxi- 
mately 20 modern families, including the plovers, sand- 
pipers, avocets, phalaropes, snipes, gulls, terns, and auks. 
Olson provides evidence that the flamingos (Phoenicop- 
teridae), which were formerly allied with storks, and the 
plains wanderer (Pedionomidae) and the bustards (Oti- 
didae), which are typically considered among the Grui- 
formes, should also be placed in this order. 

The Charadriiformes are represented by a complex 
array of late Cretaceous fossils that are included in the 
family Graculavidae. These long-legged wading birds bridge 
the gap between primitive gruiforms and advanced char- 
adriiforms. Within this primitive array, the early Tertiary 
shore bird Presbyornis appears close to the ancestry of 
ducks and swans (the Anseriformes). Like later Charad- 
riiformes, members of the Graculavidae are distinguished 
by a four-notched sternum. 

Olson (1979) suggested that the ibises (Plataleidae) 
evolved from the base of the charadriiform assemblage 
rather than being close to the storks. The earliest un- 
questioned members of this family are known from the 
middle Eocene (Peters, 1983). Flightless ibises have been 
described from the Quarternary of the Hawaiian islands 
and Jamaica. 

All but six of the modern families of the Charadri- 
iformes have a fossil record, which typically extends back 
into the middle Tertiary, but the fossils contribute little 
to establishing specific affinities. Flamingos are excep- 
tional. Remains from the middle Eocene show a number 
of features in common with stilts that indicate their close 
relationship with the Recurvirostridae (Olson and Fed- 
uccia, 1980a). 

The auks (Alcidae) are of particular interest because 
of their rich fossil record in the middle and late Tertiary 
(Olson, 1985). They are wing-propelled diving birds of 
the Northern Hemisphere that parallel the penguins in 
the south. They are known from the late Eocene of the 
eastern Pacific and later radiated around the North At- 
lantic. Simpson ( 1 974) discussed the death of the last great 
auk in 1844. 

Anseriformes 

The origin of the ducks and swans is almost certainly to 
be found in the late Cretaceous and early Tertiary families 
Graculavidae and Presbyornithidae (Olson and Feduccia, 
1980b). The genus Presbyornis shows a mosaic of post- 
cranial characters that indicate a shore bird ancestry and 
derived cranial characters that are unique to ducks and 
swans. Presbyornis was a highly colonial bird whose bones 
are found in extremely dense concentrations, suggesting 
a behavior similar to that of modern flamingos. Almost 
the entire skeleton is known, although a complete de- 
scription has not been published (Figures 16-29 and 
16-30). Both the skull and the hyoid apparatus are un- 
mistakably ducklike, showing the uniquely derived dou- 
ble-piston filter feeding apparatus that characterizes that 
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Figure 16-29. PRESBYORNIS. Provisional reconstruction of the skel- 
eton of the Paleocene-Eocene shore bird. From Olson and Feduccia, 
1980b. 


group. The body, with its very long legs, reflects its shore 
bird ancestry. 

Olson (1985) does not include the Presbyornithidae 
in the Anseriformes but considers that true ducks do not 
appear until the Oligocene. The early Oligocene genera 
Romainvillia and Cygnopterus were the size of geese, but 
their affinities with modern families are uncertain. By the 
middle Miocene, most of the modern genera had ap- 
peared, but they did not become dominant elements in 
the freshwater fauna until the Pliocene (Howard, 1973). 

Ciconiiformes 

The removal of flamingos, ibises, and herons from the 
Ciconiiformes leaves only the storks (Ciconiidae), the whale- 
head.stork (Balaenicipitidae), and the hammerhead (Scop- 
idae) of the groups typically included in this order. The 
fossil record of these forms goes back to the early Oli- 
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(a) 



ib) 



Figure 16-30. ( a and b) Lateral view of the skull and ventral view of 
the mandible of Presbyornis. The structure is nearly identical with that 
of primitive living ducks. Abbreviations as in Figure 8-3. From Olson 
and Feduccia, 1980b. 


gocene of Egypt. Olson (1985) also includes two other 
families, the Teratornithidae and the Vulturidae. 

Members of the Vulturidae, which are now confined 
to the New World, appear superficially similar to the Old 
World vultures, which have close affinities with the hawks 
and eagles. It has long been recognized that the “New 
World” vultures are actually more closely related to storks. 
Their toes are not strongly hooked for grasping. The hind 
toe is somewhat elevated and the front toes have rudi- 
mentary webs. Members of the Vulturidae are termed the 
“New World” vultures, but their fossil record in North 
America goes back no earlier than the Pliocene. They were 
much more common in the Old World earlier in the Ter- 
tiary. Mourer-Chauvire (1982) recognized the genera Ple- 
siocathartes and Diatropornis from the Eo-Oligocene. 
Members of the Vulturidae are the most accomplished 
land-soaring birds. The condor’s wing span of 3 meters 
is the greatest of any modern land birds. However, this 
span is greatly exceeded by that of a separate but related 
family of extinct birds, the Teratornithidae. 

The Teratornithidae include the largest flying birds 
ever reported. A gigantic vulturelike species, Argentavis 
magrtificens from the late Miocene of Argentina, had a 
wing span of 7 to 7.6 meters and an estimated weight of 
120 kilograms (Campbell and Tonni, 1983), which is far 
larger and heavier than it was thought possible for a flying 
bird. This group is known as recently as the late Pleis- 
tocene in North America. The unfused jaw symphysis, 
which would have allowed them to engulf very large prey, 
suggests that they were predators rather than scavengers. 

Pelecaniformes 

The remaining birds are progressively more highly adapted 
to an aquatic existence. The pelicaniformes are the most 
diverse, with six living families and three known only as 
fossils. All are relatively large birds that feed on fish. The 
group is united by the uniquely extensive webbing on the 


foot. The hind toe is turned partly forward and webbed 
to the innermost front toe. They are strong fliers but poor 
walkers. All have long beaks with throat pouches. Most 
have small nostrils or lack external openings entirely. Their 
salt glands are located within the orbit. The salt glands 
in other marine birds, including the Procellariiformes, are 
located in furrows on top of the skull. 

Among the living families, the frigatebirds (Fregati- 
dae) have the earliest fossil record, which goes back to 
the Lower Eocene (Figure 16-31). The boobies and gan- 
nets (Sulidae) and cormorants (Phalacrocoracidae) first 
appear in the early Oligocene. We find pelicans (Pelecan- 
idae) and anhingas (Anhingidae) in the Lower Miocene. 
Although they are primitive in some respects, even the 
earliest members of these groups are readily recognized 
as characteristic of their respective families. 

The Phaethontidae, tropic birds, are known from the 
middle Miocene and may be linked to an extinct family, 
the Prophaethontidae, which is known from the early 
Eocene. They are primitive in retaining long open nostrils, 
but the salt glands are within the orbit as in other members 
of the Pelecaniformes. 

The most striking of the extinct Pelecaniformes were 
certainly the Pelagornithidae, which include gigantic soar- 
ing birds with a wing span of 5 to 6 meters. The bones 
were extremely thin and light, but much of the skeleton 
is known in some species. The long bills are distinguished 
by the presence of numerous, pointed, toothlike, bony 
projections. The humeral articulation was restricted so 
that the wing could not have been raised much above the 
horizontal, which made them almost incapable of sus- 
tained flapping flight. They probably relied primarily on 
the wind to provide lift. 

Fossils of the Pelagornithidae are known from the 
early Eocene to at least the end of the Miocene, with a 
distribution that encompasses Europe, North and South 
America, Antarctica, New Zealand, and Japan (Olson, 
1985). 

Some characters of the pelagornithids are also present 
among the albatrosses (Procellariiformes), but the loca- 



Figure 16-31. OUTLINE COMPARING THE OVERALL SKELETAL 
PROPORTIONS OF MODERN AND FOSSIL FRIGATEBIRDS. Fre- 
gata is depicted on the left half of this composite individual and Lim- 
nofregata from the Lower Eocene is pictured on the right. The body 
size of the two species is virtually the same, as demonstrated by the 
length of the sterna and pelves. From Olson, 1 977b. By permission of 
Smithsonian Institution Press, Smithsonian Institution, Washington, D.C., 
1977. 
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tion of the salt gland within the orbit is strong evidence 
of pelecaniform affinities. Further study of this group may 
provide evidence of the nature of the relationships be- 
tween these two orders. 

Closely related to the Sulidae and Anhingidae is a 
strikingly specialized family of large flightless diving birds, 
the Plotopteridae, which Olson and Hasegawa (1979) de- 
scribed. This group is known from both the North Amer- 
ican and Japanese shores of the North Pacific in rocks 
ranging in age from late Oligocene to middle Miocene. 
Olson (1980) emphasized their similarities to both flight- 
less auks and penguins in the modification of the forelimb 
to a paddlelike flipper (Figure 16-32). The largest of the 
five species far exceeds the size of the living penguins, 
with an estimated length of 2 meters. Olson speculated 
that their extinction may be correlated with the radiation 
of seals and porpoises. Despite some wing features that 
are similar to either penguins or auks, the sternum is 
typical of pelecaniforms and elements of the hind limb 
show affinities with the Anhingidae. 

Procellariiformes 

The procellariiforms include the albatrosses, shearwaters, 
storm petrels, and diving petrels (families Diomedeidae, 



Figure 16-32. DORSAL VIEW OF THE RIGHT WING OF SEA- 
BIRDS. (a) Anhinga (Pelccaniformes). (b) Great auk (Charadriiformes). 
(c) Plotopterid (Pelecaniformes). (d) Penguin. Anterior view of right 
tarsometatarsus. ( e ) Anhinga. (f) Plotopterid. (g) Penguin. From Olson 
and Hasegawa, 1979. With the permission of Science. Copyright 1979 
by The American Association for the Advancement of Science. 


Procellariidae, Hydrobatidae or Oceanitidae, and Pele- 
canoididae). They are recognized by nostrils that extend 
onto the bill in short tubes. Members of this group spend 
most of their lives over the open ocean and only come to 
land to nest. The albatrosses are champion gliders but are 
almost helpless without fairly strong winds. The wing 
span of the wandering albatross, which is up to 3.5 meters, 
is the greatest of any living bird. 

We know diving petrels from the early Pliocene. A 
modern genus of storm petrel is known from the late 
Miocene. Shearwaters are known from the early Oligo- ; 
cene. Living members of this family show very little change ? 
during the past 15 million years. The oldest albatrosses I 
are known from the Upper Oligocene of South Carolina. | 
They continue to be common in the North Atlantic into f 
the late Cenozoic but disappear from this ocean in the | 
Quarternary. 

Gaviiformes 

The loons (or divers) occupy a peculiarly isolated position 
phylogenetically. They resemble the grebes (Podicipedi- 
dae) in being foot-propelled divers. They are almost tail- 
less, with the feet placed to the rear so that they are almost 
helpless on land. The muscles of the trunk encase the rear 
limb down to the ankle joint. Divers have fully webbed 
feet, in contrast to the paddlelike lobes on the toes that 
are a feature of grebes. Loons also superfically converge 
on the Flesperornithiformes, but unlike that group, they 
retain well-developed powers of flight. They may also use 
their wings for underwater locomotion. 

Many workers support affinities between the Gavi- 
iformes and the Procellariiformes and Sphenisciformes, 
although Storer (1956) suggested affinities with the Char- 
adriiformes. Like penguins and the order including the 
albatross, loons are specialized in having two successive 
coats of down preceding the juvenal plumage. The earliest 
loon is Colytnboides anglicus from the late Eocene of 
England. The single modern genus Gavia is known from 
the Lower Miocene. 

Sphenisciformes 

Penguins are typically placed at the beginning of the clas- 
sification of carinate birds, implying a very primitive phy- 
logenetic position. In fact, penguins are among the most 
highly specialized birds in their total loss of aerial flight 
and the high degree of specialization for subaqueous lo- 
comotion. Penguins differ from all ratites and other non- 
flying terrestrial birds in the retention of a large keel on 
the sternum and massive flight muscles. They have re- 
tained the basic structure and functions of flying birds, 
but their flight occurs underwater rather than in the air. 
Unlike other birds, upward movement of the wing re- 
quires as much force as downward movement because of 
the density of the medium and buoyancy of the body. The 
scapula provides a much larger surface area for the origin 
of muscles to lift the wing than that of aerial flyers. The 
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bones have completely lost their pneumatization. T he bones 
of the forelimb are flattened and do not bend at the elbow. 
The hind limbs are short and placed to the rear so that 
they have an upright terrestrial posture resembling that 
of advanced hominoids. 

Ornithologists have not established the specific re- 
lationships of penguins, but most evidence points to af- 
finities with the Gaviiformes and Procellariiformes. The 
pterygoid bone in early penguins is significantly more 
primitive than that of modern genera and closely resem- 
bles that of the Procellariiformes. Sibley and Ahlquist’s 
(1972) electrophoretic analysis of proteins indicates that 
the closest affinities are with the petrels. The bill of one 
Eocene penguin, tPaleoeudyptes, is long and sharply 
pointed, resembling that of loons, which may indicate a 
close relationship with the Gaviiformes as well (Olson, 
1985). 

Penguins probably evolved from flying ancestors like 
the auks and diving petrels, which used their wings for 
both aerial and subaqueous flight. Stonehouse (1975) ar- 
gued that these functions are compatible as long as the 
body weight does not exceed 1 kilogram. Increase in size, 
comparable to that of the great auk and most penguins 
facilitates sustained diving and allows wider scope for 
underwater hunting but leads to excessive wing loading 
and loss of maneuverability in flight. 

The fossil record of penguins was summarized by 
Simpson (1975, 1979), who also has written a very in- 
teresting popular account of both fossil and living genera 
(1974). Penguins have been restricted to the Southern 
Hemisphere throughout their history, although some 
modern genera range as far north as the equator. Even 
the earliest known fossils from the Upper Eocene of Sey- 
mour Island, Antarctica, are highly specialized for un- 
derwater flight and provide no evidence of their origin 
from primitive flying ancestors. 

Although no complete or even nearly complete skel- 
etons of fossil genera have been described, individual bones 
are massive and show distinguishing features that permit 
unquestioned identification as penguins and serve to dif- 
ferentiate individual genera. A total of 17 fossil genera 
are recognized, ranging from the Upper Eocene into the 
Pliocene. Only six genera are recognized today, all of 
which appear to represent a recent radiation with fossils 
that are known no earlier than the Pliocene. Zusi (1975) 
suggests that the flattened bill of modern genera may be 
more suitable for feeding on plankton as well as fish, in 
contrast with the narrow bill of at least some early pen- 
guins. 

The fossil record demonstrates that penguins were 
more diverse in the Tertiary than in the modern fauna. 
The largest of all penguins, which was approximately IV 2 
meters high, is known from the Oligocene and early Mio- 
cene. The extinction of these large genera, like that of the 
large wing-propelled divers of the North Pacific, the Plo- 
topteridae, may be attributed to the spread of pinnipeds 
and small cetaceans in the Miocene. 
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Summary 

Pterosaurs were the first vertebrates to achieve active, 

powered flight. They are already taxonomically di- 
verse when they first appear in the fossil record in the late 
Triassic. The presence of an antorbital fenestra, the par- 
asagittal orientation of the rear limbs, and the mesotarsal 
ankle joint indicate their close affinities with advanced 
thecodonts such as Lagosuchus. The retention of a hooked 
fifth metatarsal and a long fifth digit suggests their di- 
vergence from thecodonts prior to the emergence of the 
dinosaur orders. 

The earliest known pterosaurs were already highly 
specialized for active flight, as demonstrated by the pres- 
ence of a large keeled sternum and an elongate coracoid 
fused to the scapula. Functionally, the pectoral girdle and 
humerus are comparable to those of modern flying birds. 

Pterosaurs differ markedly from birds in having a 
membraneous wing that superficially resembles that of 
bats and is supported by a greatly elongated fourth digit. 
In contrast with bats, the main membrane did not attach 
to the rear limb but was a relatively narrow structure. It 
was reinforced by a radiating pattern of collagenous or 
cartilaginous fibers. 

Two suborders of pterosaurs are recognized, the 
rhamphorhynchoids, which appeared in the late Triassic 
and were dominant throughout the Jurassic, and the pter- 
odactyloids, which originated in the late Jurassic and con- 
tinued to the end of the Cretaceous. The pterodactyloids 
are distinguished by their very short tails and longer neck 
and metacarpals. The late Cretaceous pterodactyloid 
Quetzalcoatlus was the largest vertebrate ever to fly, with 
an estimated wing span of 1 1 to 12 meters. 

The earliest known fossil bird is Archaeopteryx from 
the Upper Jurassic of Germany. Its flight feathers were 
extremely similar to those of modern birds in their struc- 
ture and distribution, but the skeleton was almost iden- 
tical with those of small theropod dinosaurs such as 
Compsognathus. Birds arose from small, bipedal, insec- 
tivorous dinosaurs. Feathers may have evolved initially 
for insulation. The feathered distal ends of the forelimbs 
may initially have served as airfoils to provide stability 
and lift in cursorial animals in association with leaping 
capture of insects. There is no evidence that the anteced- 
ents of birds were arboreal gliders. 

No birds other than Archaeopteryx are known from 
the Jurassic. All later birds are much more advanced in 
the loss of the tail and evolution of a keeled sternum, a 
long coracoid, and a triosseal canal for passage of the 
tendon of the supracoracoideus muscle. Cretaceous birds 
include the toothed orders Hesperornithiformes and 
Ichthyornithiformes as well as incomplete remains of two 
modern orders. 

The ratites, which include the living kiwis, ostriches, 
rheas, cassowaries, and emus, as well as the extinct moas 
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and elephantbirds, may share a common ancestry among 
early carinate genera that had retained a palaeognathous 
palate. All other Cenozoic birds have a neognathous pal- 
ate and make up a separate, monophyletic group. 

Neognathous birds may be divided into two large 
assemblages, those that live primarily on and over the 
land and those that live habitually in or over the water. 
Olson includes the Cuculiformes, Falconiformes, Galli- 
formes, Columbiformes, and Psittaciformes within the 
primitive land bird assemblage. The Coraciiformes, Stri- 
giformes, Caprimulgiformes, Apodiformes, Piciformes, and 
Passeriformes constitute the higher land bird assemblage. 

The water bird assemblage include the Gruiformes 
as a basal stock from which may have evolved the Char- 
adriiformes, Anseriformes, and Ciconiiformes. The Pele- 
caniformes, Gaviiformes, Procellariiformes, and Sphen- 
isciformes are successively more specialized aquatic birds. 

Many of the modern bird orders are represented by 
fossils of modern genera as early as the Miocene, and 
modern families are known from the late Eocene or early 
Oligocene. We know fossils of passerines in the late Oli- 
gocene, but this order did not become dominant in Europe 
and North America until the Miocene. 
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The Origin of 
Mammals 


Mammals have been the dominant terrestrial vertebrates 
for the past 65 million years. Their history, however, ex- 
tends over a much longer period. Primitive mammals are 
recognized as early as the late Triassic, more than 200 
million years ago, and their ancestors are distinguishable 
from other amniotes as long ago as the Carboniferous. 

The ancestors of mammals are identified from the 
same horizon and locality as the earliest conventional 
reptile, Hylonomus, in the early Pennsylvanian of Joggins, 
Nova Scotia (Carroll, 1964). The sequence from the early 
amniotes to the early mammals is the most fully docu- 
mented of the major transitions in vertebrate evolution. 
The entire skeleton was modified, as was the soft anat- 
omy, behavior, and physiology down to the level of cel- 
lular metabolism. Many of these changes are demonstra- 
ble, either directly or indirectly, through the fossil record. 

The transition begins with animals that broadly re- 
sembled modern lizards in their skeletal anatomy and 
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probably had a typically reptilian physiology. We can 
trace the transformation over a period of 150 million 
years from small, cold-blooded, scaly reptiles to tiny, warm- 
blooded, furry mammals. 

The ancestors of mammals are usually classified in 
the subclass Synapsida within the Reptilia. However, these 
early genera can be recognized as being members of the 
same monophyletic assemblage as living mammals. One 
might formalize this relationship by including the syn- 
apsids within the Mammalia or by recognizing a single 
larger taxonomic grouping for both. This procedure is 
not followed here because it obscures the very important 
structural and physiological differences that distinguish 
mammals, as that group is usually recognized, from their 
ancestors that retain features generally regarded as being 
typical of reptiles. 

The synapsids are included in two successive orders, 
the Pelycosauria, which are known from the base of the 
Pennsylvanian into the Upper Permian, and the Therap- 
sida, which appears in the middle Permian and extends 
into the Mid-Jurassic. Pelycosaurs and therapsids repre- 
sent sequential radiations, each of which originated from 
a single ancestral stock (Figure 17-1). Pelycosaurs retain 
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many of the skeletal features of primitive reptiles and 
show little evidence of the attainment of mammalian at- 
tributes. Most skeletal features that are common to mam- 
mals evolved among the therapsids. 


Pelycosaurs 


THE ANATOMY OF EARLY MAMMAL- 
LIKE REPTILES 

Pelycosaurs are recognized by fragmentary remains as early 
as the Lower Pennsylvanian (Reisz, 1972). By the Upper 
Pennsylvanian, they constituted approximately 50 percent 
of the described reptilian genera. Archaeothyris, from the 
middle Pennsylvanian (Figure 17-2), provides the earliest 
evidence of the configuration of the pelycosaur skull and 
gives some information regarding body proportions and 
details of vertebral and limb structure. 

In their general appearance, early pelycosaurs would 
have resembled large living lizards such as iguanids and 



Figure 17-1. STRATIGRAPHIC RANGES OF THE MAJOR GROUPS OF MAMMAL-LIKE REPTILES. 
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Figure 17-2. ARCHAEOTHYRIS. This is the oldest-known pelyco- 
saur in which the skull can be restored, from the Middle Pennsylvanian, 
(a) Dorsal and ( b ) lateral views, x F The skull of this mammal-like 
reptile is distinguished from that of other early amniotes by the presence 
of a lateral temporal opening that is bordered ventrally by the squamosal 
and jugal. Unshaded areas are reconstructed. Abbreviations as in Figure 
8-3. From Reisz, 1972. 


varanids, although the pelycosaur’s limbs were relatively 
shorter. Middle Pennsylvanian pelycosaurs were at least 
twice the length of contemporary protorothyrids, and they 
show progressive size increase into the early Permian. 

The original divergence of the pelycosaurs from among 
the primitive amniotes may have resulted from an ad- 
aptation toward feeding on large prey. Not only is the 
entire body much larger, but the size of the skull increases 
disproportionately. The canine teeth, which are present 
in the most primitive amniotes, are accentuated, and the 
remaining teeth are also enlarged relative to those of the 
insectivorous protorothyrids. In relation to feeding on 
larger prey, the postorbital region of the skull is shorter 
but higher than in other primitive amniotes. There is a 
shorter area for the adductor muscles to attach to the 
lower jaw, but the individual muscle fibers were longer. 
Both features permit a wider gape and a rapid, but less 
powerful, jaw-closing action. Pelycosaurs were the first 
carnivorous (as opposed to insectivorous) amniotes. 

Pelycosaurs also appear to be the first major group 
to diverge from the primitive amniote stock, as can be 
seen by the retention of several primitive features that are 
lost in all other groups of primitive reptiles. These features 
include the presence of two, rather than a single, coronoid 
bone in the lower jaw and the large size of the medial 
centrale of the tarsus. 

On the other hand, even the earliest pelycosaurs are 
advanced in a number of cranial features that characterize 
later synapsids and provide the basis for the origin of 
mammalian anatomy. The most important of these fea- 
tures is a lateral temporal opening where the postorbital, 
squamosal, and jugal met in early anapsids. In contrast 
with early diapsids, the quadratojugal does not form the 
ventral margin of this opening in primitive pelycosaurs. 
In contrast with protorothyrids and early diapsids, the 


supratemporal and postorbital meet above the temporal 
opening and separate the squamosal and parietal super- 
ficially. The arrangement of bones is somewhat similar to 
that seen in anthracosaurian labyrinthodonts, which may 
be close to the ancestry of reptiles. The pattern in pely- 
cosaurs might represent the primitive condition for am- 
niotes, but the great posterior extension of the postorbital 
can also be interpreted as a specialized feature that was 
developed to strengthen the skull as the temporal opening 
developed. All the bones of the skull seen in other early 
amniotes are retained, but the postparietals fuse at the 
midline to form a single median element. 

The skull of early pelycosaurs is also distinguished 
by the configuration of the occiput. It is essentially vertical 
in other groups of early amniotes. In pelycosaurs, it slopes 
posteriorly from the skull table to the area of the jaw 
articulation. As in protorothyrids, the braincase in prim- 
itive pelycosaurs is not solidly integrated with the dermal 
bones that surround the occiput. The middle Pennsylvan- 
ian genus Archaeothyris retains a discrete supraoccipital 
that was not suturally attached to the skull table or firmly 
connected to either the tabular or the otic capsule. The 
otic capsule is small and does not contact the cheek. This 
pattern is retained in the primitive Lower Permian genus 
Ophiacodon (see Figure 10-3). Other pelycosaurs inte- 
grate the bones of the occiput into a platelike structure 
that incorporates the supraoccipital, broad paroccipital 
processes, and the dermal bones of the margin of the skull 
(Figure 17-3). The stapes, which may have assisted in the 
support of the braincase in early pelycosaurs, remains a 
large element throughout the group, although it no longer 
served a structural role after the solidification of the oc- 
ciput. 

Postcranially, primitive pelycosaurs differ from the 
early protorothyrids primarily in features that may be 
associated with their greater body weight. The limb bones 
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Figure 17-3. OCCIPUT OF THE LOWER PERMIAN PELYCOSAUR 
DIMETRODON. This genus shows the platelike nature of the supra- 
occipital, which is fused to the opisthotic and suturally attached to the 
tabular. The stapes is a massive element. Abbreviations as in Figure 
8-3. From Romer and Price, 1940. 
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are more massive, with large and more complex areas for 
muscle attachment, and the metapodials and phalanges 
are relatively shorter (Carroll, 1986). 

Like the protorothyrids, the pelycosaurs retain nar- 
row neural arches, with the zygapophyses close to the 
midline. In primitive species, the neural spines are low 
and triangular, but they become greatly elongated in sev- 
eral families (Figure 17-4) and the transverse processes 
also become longer. These changes may be related to an 
early stage in reorganization of the trunk musculature. In 
mammals, the elaboration of axial musculature above and 
below the transverse processes helps limit lateral undu- 
lation of the trunk and support the vertebral column as 
an arch above the girdles. Lateral undulation of the col- 
umn remained an important attribute of locomotion in 
most synapsids, but the elongation of the transverse pro- 
cesses may indicate more active support of the column on 
the girdles than was the case in other early amniotes. The 
number of trunk vertebrae ranges from 24 to 27. 

In pelycosaurs, we can identify three centers of os- 
sification in the scapulocoracoid: an anterior and a pos- 
terior coracoid as well as the scapula (Figure 17-4 d). In 
adult protorothyrids, the scapulocoracoid is ossified with- 
out a trace of subdivision, but there are three distinct 
elements in young individuals of several Pennsylvanian 
genera. Coossification appears to be progressively delayed 
in pelycosaurs so that sutures are evident between the 
elements in more mature specimens. 

Primitive pelycosaurs have two pairs of sacral ribs, 
and the blade of the ilium is narrow and directed poste- 
riorly. Several advanced pelycosaur groups have one or 
two additional pairs of sacral ribs and a broad iliac blade 
to support their greater body size. 

The configuration of the articulating surfaces of the 
girdles and limbs of all pelycosaurs indicate a sprawling 
posture like that of the most primitive tetrapods, which 
were discussed in Chapter 9. 

THE DIVERSITY OF PELYCOSAURS 

By the early Permian, pelycosaurs made up 70 percent of 
the known amniote genera and had diversified into a num- 
ber of distinct families. Unfortunately, remains from the 
Carboniferous, when these groups underwent initial dif- 
ferentiation, are still poorly known, and specific interre- 
lationships of these families continue to be in dispute. 

Romer and Price (1940) provided the most compre- 
hensive anatomical and taxonomic review of the pely- 
cosaurs. They recognized three suborders: the Ophiaco- 
dontia, which include a primitive ancestral assemblage 
and large piscivorous genera from the Lower Permian; 
the Sphenacodontia, which include large carnivorous gen- 
era; and the Edaphosauria, which consist of two groups 
of herbivores. In their recent taxonomic revisions, Reisz 
(1980, 1986) and Brinkman and Eberth (1983) ques- 
tioned the validity of these suborders but recognize most 
of the family units that Romer and Price had described. 
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Figure 17-4. POSTCRANIAL ELEMENTS OF PELYCOSAURS. An- 
terior views of the trunk vertebrae of ( a ) Protoclepsydrops, (b) Archae- 
otbyris, and (c) Dimetrodon that show the increasing length of the 
transverse processes from the early Pennsylvanian to the early Permian. 
{a) From Reisz, 1972. ( b ) From Carroll, Belt, Dineley, Baird, and 
McGregor, 1972. (c) From Romer and Price, 1940. (d) Shoulder girdle 
of the Lower Permian pelycosaur Dimetrodon, showing the three-fold 
division of the scapulocoracoid. From Romer and Price, 1940. [e] Hu- 
merus of Archaeothyris. The presence of a prominent supinator process 
and an entepicondylar ridge are typical of primitive pelycosaurs. As in 
all early reptiles, there is a large entepicondylar foramen. In some pel- 
ycosaurs, the supinator process extends distally to surround an ente- 
picondylar foramen. If) Pelvis of Archaeothyris. From Reisz, 1972. {g) 
Manus and (h) pes of the sphenacodont pelycosaur Haptodus. From 
Currie, 1 977 . Abbreviations as follows: ant co, anterior coracoid; ast, 
astragalus; cal, calcaneum; cl, clavicle; cth, cleithrum; ect, ectepicon- 
dylar ridge; ent f, entepicondylar foramen; i, intermedium; icl, intercla- 
vicle; lc, lateral centrale; me, medial centrale; pis, pisiform; po co, pos- 
terior coracoid; r, radiale; scap, scapula; sup, supinator process; u, 
ulnare; 1-5, distal carpals and tarsals. 
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Figure 17-5. DIMETRODON. Skeleton of the carnivorous pelycosaur 
from the Lower Permian of Texas, 3 meters long. The long neural spines 
supported a membrane that would have acted to increase the rate of 
heat exchange with the environment. From Romer and Price, 1940. 


Ophiacodontidae 

The oldest-known and most primitive pelycosaurs are in- 
cluded in the family Ophiacodontidae. Aside from prim- 
itive features, this family is characterized by a long narrow 
snout and relatively low skull table. It is represented by 
several genera in the Pennsylvanian and remains common 
in the Lower Permian. The largest and best-known genus 
is Opkiacodon, which was more than 4 meters long. The 
carpals and tarsals were poorly ossified, which led Romer 
and Price to suggest that this group was semiaquatic and 
that the long narrow snout was an adaptation to feeding 
on fish. 

Sphenacodontidae 

Phylogenetically, the most important of the pelycosaur 
families are the sphenacodonts. They appear in the middle 
or late Pennsylvanian and are the dominant terrestrial 
carnivores in the Lower Permian. At some stage in their 
history they gave rise to the therapsids. The best-known 
sphenacodonts are the Lower Permian genera Dimetro- 
don (Figure 17-5) and Sphenacodon, which exceed 3 me- 
ters in length. The skull is typically much deeper than in 
the ophiacodonts and the canine teeth are greatly en- 
larged. To support the dentition, the maxilla extends far 
up on the snout and separates the lacrimal bone from the 
margin of the external nares. 

The jaw articulation is well below the level of the 
tooth row in sphenacodonts, the articular is greatly en- 
larged, and the articulating surface extends far down on 
the medial face of the lower jaw. A feature that is unique 
to sphenacodonts is the presence of a reflected lamina of 
the angular (Figure 17-6), which can be associated with 
the development of the middle ear in later synapsids and 
mammals. 

Because of their position close to the origin of the 
therapsids, the feeding apparatus of the sphenacodontids 
is of special interest. As in the case of the early diapsids, 
the presence of a temporal opening does not appear to 
have had much effect on the pattern of the jaw muscles 


in pelycosaurs, although it is highly important in ther- 
apsids. The opening in the cheek probably developed in 
relationship to the pattern of mechanical stresses on the 
back of the skull. 

When compared to other early amniotes, the changes 
in the shape of the back of the skull and the configuration 
of the adductor chamber suggest that the jaw muscles 




Figure 17-6. (a) Skull of Dimetrodon, in lateral view. { b ) Lateral and 

(e) medial views of the lower jaw, xj. Abbreviations as in Figure 8-3. 
From Romer and Price, 1 940. 
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Figure 17-7. RECONSTRUCTION OF THE JAW MUSCULATURE 
OF THE CARNIVOROUS PELYCOSAUR DIMETRODON. (a) 
Superficial view and ( b ) deeper view. The anteroventra] orientation of 
the major adductor muscles may have acted to resist anteriorly directed 
forces produced by struggling prey. Abbreviations as in Figure 8-3, plus: 
M Add post, adductor mandibulae posterior; MAME, adductor man- 
dibulae externus; MAMIPs, adductor mandibulae internus, pseudotem- 
poralis; MAMIPt (ant), adductor mandibulae internus, pterygoideus 
(anterior); MAMIPt (post), adductor mandibulae internus, pterygoideus 
(posterior); Vj maxillary branch of Vth nerve; V 3 mandibular branch 
of Vth nerve. From Barghusen, 1973. 


were differently oriented. Instead of extending vertically 
from the skull roof to the dorsal margin of the jaw, they 
were angled anteriorly (Figure 17-7). Barghusen (1973) 
argued that this orientation would serve to better resist 
struggling prey that might dislocate the lower jaw ante- 
riorly. A similarly directed force would also result if the 
pelycosaur were attempting to tear chunks of meat from 
large prey. 

The jaw articulation lies well below the level of the 
tooth row, so that the jaw muscles are attached to the 
sloping dorsal margin of the jaw, which rises to form a 
prominent coronoid process. The heightening of the cor- 
onoid process provides a longer lever arm for closing the 
jaw that is more nearly perpendicular to the fibers of the 
adductor muscles. 

Among the larger pelycosaurs, sphenacodonts have 
the most gracile limbs. All sphenacodonts have tall neural 
spines, but they are spectacularly elongated in the genus 
Dimetrodon. Their function will be discussed with a con- 
sideration of the biology of the pelycosaurs. 

The genus Haptodus (Figure 17-8) from the late 
Pennsylvanian and early Permian shows the initiation of 
structural features that are elaborated in the later sphen- 
acodonts, while retaining many primitive features of the 
early ophiacodonts. 

Edaphosauridae 

Among the most striking of pelycosaurs is the genus Eda- 
phosaurus, which is known from the late Pennsylvanian 
and early Permian (Figure 17-9). Like Dimetrodon, it has 
greatly elongated neural spines, but they are further char- 
acterized by the presence of short, transversely directed 
cross bars. The skull is markedly different from that of 
sphenacodonts in being very short and broad. The teeth 
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Figure 17-9. EDAPHOSAURUS. This herbivorous pelycosaur is from 
the late Pennsylvanian and early Permian. Skull in (a) dorsal, (b) palatal, 
(c) lateral, and id) occipital views, ( e ) Skeleton, 3 meters long. Unlike 
those of Dimetrodon, the spines bear transverse processes. Abbrevia- 
tions as in Figure 8-3. From Romer and Price, 1940. 



are not long piercing and slashing structures but short 
pegs of nearly uniform length. The palate and inside sur- 
face of the lower jaw are covered with additional teeth 
of similar size that form a large biting surface. The in- 
dividual teeth are not expanded or otherwise specialized 
for crushing hard food and Romer and Price suggest that 
they may have fed on relatively soft plant material. The 
limbs are shorter than those of sphenacodonts, and the 
rib cage is long and laterally expanded as one might expect 
in a herbivore. 

A newly described edaphosaur from the Upper Penn- 
sylvanian, Janthosaurus (Figure 17-10), lacks tooth plates 
on the palate and lower jaw, and the marginal dentition 
resembles that of primitive sphenacodonts. Reisz and Ber- 
man (1986) argue that lantbosaurus may demonstrate a 
dose link between these families. The separation of these 
two groups must have occurred before the evolution of 
the distinctive sphenacodont reflected lamina of the an- 
gular that is not observed in the edaphosaurs. 



Figure 17-10. INCOMPLETE SKELETON OF 1ANTHOSAURUS, xi 
This primitive edaphosaur is from the Upper Pennsylvanian. The den- 
tition resembles that of early carnivorous pelycosaurs. From Reisz and 
iernan, 1986. 


Eothyrids and Varanopseids 

The phylogenetic position of two families of smaller pel- 
ycosaurs, the eothyrids and varanopseids, remains in doubt. 
Their skulls appear primitive relative to those of other 
pelycosaurs in having a short antorbital region and a lac- 
rimal bone that reaches the narial opening (Figure 17- 
11). The tooth row is horizontal and at the same level as 
the jaw articulation. They seem advanced in the large size 
of the temporal opening, which is bordered ventrally by 
a narrow bar made up of a long quadratojugal that meets 
the maxilla and separates the jugal from the margin of 
the skull. The occiput is formed by a large platelike su- 
praoccipital that is fused to the enlarged paroccipital pro- 
cesses. This pattern is quite distinct from that seen in early 
pelycosaurs and the genus Ophiacodon. We do not rec- 
ognize any members of these families before the Lower 
Permian. Romer and Price considered that the eothyrids 
were among the most primitive pelycosaurs but allied the 
varanopseids with the sphenacodontids. No postcranial 
material is known of the eothyrids. The varanopseids 
(Langston and Reisz, 1981), which are typically about 1 
meter long, are among the most agile pelycosaurs of the 
late Lower Permian and may have survived into the Upper 
Permian in southern Africa. Within this group, the jaw 
articulation extended posteriorly to lie well behind the 
occipital condyle. 

Caseidae 

Caseids were the most diverse and widespread group of 
herbivores among the pelycosaurs. They appear in the 
latter part of the Lower Permian, at the end of the period 
of abundance of Edaphosaurus. They lack long spines 
and have a very different type of dentition. The palatal 
denticles are much smaller than the marginal teeth, and 
there are no tooth plates on the lower jaws. The marginal 
teeth have laterally compressed, more-or-less spatulate 
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Figure 17-11. SKULLS OF PRIMITIVE CARNIVOROUS PELYCO- 
SAURS. (a) The eothyrid Oedaleops. From Langston, 1965. ( b ) The 
varanopseid Aerosaurus. From Langston and Reisz, 1981. Both are 10 
centimeters long. Abbreviation as in Figure 8-3. 

crowns that are crenulated along the edge, which give 
them a general resemblance to those of modern herbiv- 
orous lizards, pareiasaurs, and plateosaurs. 

The skull is distinctive in the large size of the temporal 
opening and the relatively enormous external narial open- 


ing (Figure 17-12). The surface of the skull is sculptured 
with a scattering of rounded pits. The oldest-known ge- 
nus, Casea, is little more than 1 meter long, but Coty- 
lorhynchus reached 3 meters and weighed at least 600 
kilograms. In most genera, the skull is extremely small 
relative to the trunk length, and the rib cage is enormously 
expanded to surround a great mass of food undergoing 
digestion (Figure 17-12<?). The number of sacral ribs in- 
creases from three to four pairs within the group. As in 
edaphosaurs, the supinator process has expanded distally 
to surround completely the ectepicondylar foramen. The 
hands and feet are short and wide (a feature elaborated 
progressively within the group). The phalangeal count is 
always less than in other pelycosaurs and may be as little 
as 2, 2, 3, 3, 2. 

Romer and Price placed edaphosaurs and caseids in 
the same suborder. Both share a number of derived fea- 
tures, but most can be associated with their large size. 
The dental specialization toward herbivory is entirely dif- 
ferent in the two groups. If they did share a common 
ancestry, it must have been at the level of primitive, car- 
nivorous pelycosaurs. Reisz (F981) pointed out thateoth- 
yrids and caseids are unique among pelycosaurs in the 
possession of an anteroposteriorly elongated external na- 
rial opening, a pointed rostrum, and the entrance of the 
maxilla into the ventral margin of the orbit. Both also 
possess a short face and a low platelike occiput, although 
these features are not unique to these groups. 



Figure 17-12. CASEID PELYCOSAURS. Skull of Casea from the Mid- 
dle Permian of France in (a) dorsal, (£>) palatial, (c) lateral, and (d) 
occipital views. Original is 11 centimeters long. Abbreviations as in 


Figure 8-3. From Sigogneau-Russell and Russell , 1974. ( e ) Cotylorkyn- 
chus skeleton from the Lower Permian of North America, 3 meters long. 
From Stovall, Price, and Romer, 1966. 



CHAPTER XVII 


As Olson (1968) pointed out, the eothyrids do not 
dosely approach the caseids in the nature of their den- 
tition. When they first appear in the fossil record, caseids 
are very distinct from all other groups of pelycosaurs. 
Fossils of caseids do not occur with the normal Permian 
fauna in Texas and Oklahoma and they may have lived 
in a distinct environment. Caseids are represented in the 
middle Permian of France and Russia but are otherwise 
limited to North America (Sigogneau-Russell and Russell, 
1974). 

THE BIOLOGY OF PELYCOSAURS 

There is only one skeletal feature of pelycosaurs that shows 
unequivocally that they are related to the ancestry of 
mammals — the presence of a lateral temporal opening of 
a pattern known in no other early tetrapods. There is no 
feature that suggests any tendency in the direction of a 
high metabolic rate or other physiological characteristic 
that typifies mammals. Pelycosaurs probably had a phys- 
iology that was very similar to modern reptiles such as 
lizards, turtles, and crocodiles. 

One feature that indicates temperature control is the 
tall neural spines of the sphenacodonts. Their high degree 
of articulation in the fossils, even when individual spines 
have been broken, shows that they were embedded in a 
single sheet of tissue or “sail” in the living animal. Romer 
(1948) calculated that the length of the spines in Dime- 
trodon increased disproportionately relative to other lin- 
ear dimensions, so that the area of the sail varied in pro- 
portion to the volume of the body. Grooves at the base 
of the spines probably accommodated blood vessels. A 
vascular supply to the sail would permit it to function as 
a rapid means of absorbing or radiating heat from the 
body. 

According to Bramwell and Fellgett (1973), a spec- 
imen of Dimetrodon weighing about 200 kilograms could 
warm up from 26°C to 32°C in 205 minutes without the 
sail or 80 minutes with the sail. The sail would have 
enabled them to be active much earlier in the day than 
were other predators or prey of comparable size. While 
the presence of a sail argues strongly for a selection regime 
favoring temperature control, it also demonstrates that 
these animals functioned primarily as ectotherms rather 
than endotherms. 


Therapsids 

THE ORIGIN OF THERAPSIDS 

Pelycosaurs are known primarily from North America 
and Europe, with a few late-surviving genera in southern 
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Africa and Russia. The most complete fossil record is from 
the Lower Permian Redbeds sequence of the southwestern 
United States. These deposits continue into the Upper 
Permian, but the fauna becomes progressively depauper- 
ate as a result of increasing aridity. Olson (1962, 1974) 
described fossils from the early Upper Permian that have 
some features in common with therapsids, but their re- 
mains are too fragmentary to provide information re- 
garding the transition between the two groups. The upper 
beds in the southwestern United States are sometimes re- 
ferred to informally as middle Permian in age, as are the 
Russian beds in which we find the earliest therapsids. 
However, only Lower and Upper Permian are recognized 
as formal geological units. 

The oldest unquestioned therapsids come from de- 
posits in European Russia at the base of the Upper Per- 
mian. Several distinct groups can be recognized, which 
suggests a significant period of prior evolution. The early 
therapsids overlap in time with the youngest caseid pel- 
ycosaur from Russia, Ennatosaurus, but their remains 
come from different localities, which leads us to believe 
that they lived in different environments. On the basis of 
anatomical differences and possible environmental sepa- 
ration, the early therapsids probably had adapted to a 
way of life that was distinct from that of the pelycosaurs, 
perhaps because of differences in their physiology. These 
differences may account for the rapid radiation of ther- 
apsids that quickly reached a level of diversity far greater 
than that of their ancestors. 

The closest affinities of the therapsids lie among the 
sphenacodont pelycosaurs, based specifically on the com- 
mon presence of a reflected lamina of the angular. Di- 
metrodon and other members of the subfamily Sphena- 
codontinae appear too specialized in the great length of 
the neural spines and the reduced number of premaxillary 
teeth to be the direct ancestors of therapsids. However, 
the more primitive genus Haptodus could have filled this 
role. The lineage leading to therapsids may have diverged 
from animals that were similar to Haptodus at any time 
between the late Pennsylvanian and the middle Permian, 
a period of at least 25 million years. 

The therapsids are clearly advanced over the pely- 
cosaurs when they appear in the Upper Permian, partic- 
ularly in the specializations of the postcranial skeleton. 

EARLY THERAPSIDS 
Eotitanosuchia (Phthinosuchia) 

Therapsids are typically grouped in two major assem- 
blages, the carnivorous theriodonts and the herbivorous 
anomodonts. They share a common ancestry among prim- 
itive therapsids, which also include both carnivorous and 
herbivorous genera. 

Among the earliest and most primitive therapsids are 
the biarmosuchids from the Ocher (Ezhovo) locality at 
the base of the Russian sequence (Sigogneau and Chu- 
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dinov, 1972). The skull of Biarmosuchus (Figure 17-13) 
resembles that of the sphenacodonts in most features. The 
temporal musculature is largely confined to the inner sur- 
face of the skull. The occiput is inclined slightly antero- 
ventrally, the reverse of the orientation seen in pelyco- 
saurs, but has a similar platelike configuration. The 
supratemporal bone is lost. The canine tooth is especially 
prominent, but there is not an anterior “step” in the max- 
illa, as in Dimetrodon, Like the advanced sphenacodon- 
tids, the maxilla extends dorsally to the nasal and sepa- 
rates the lacrimal from the narial opening. Unlike any 
pelycosaur, the septomaxilla has a long exposure on the 
surface of the skull. 

The palate retains most of the primitive features of 
sphenacodontids, including the presence of teeth on the 
transverse flange of the pterygoid, but the vomers are 



Figure 17-13. SKULL OF THE PRIMITIVE THERAPSrD BIAR- 
MOSUCHUS. (a) Dorsal, [b) palatal, (c) lateral, and id) occipital views, 
x$. Abbreviations as in Figure 8-3. From Sigogneau and Chudinov, 
1972. 
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Figure 17-14. GIRDLES OF PELYCOSAURS AND THERAPS1DS. 
( a ) Shoulder girdle of the therapsid Biarmosuchus. Abbreviations as in 
Figure 17-4. From Sigogneau and Chudinov, 1972. (b) Pelvis of the 
pelycosaur Dimetrodon. From Romer and Price, 1940. (c) Pelvis of the 
therapsid Biarmosuchus. From Sigogneau and Chudinov, 1972. 


recessed above the level of the internal nares and are 
partially fused. The palatines and anterior portion of the 
pterygoids are arched above the midline, which suggests 
the presence of a narrow air passage above the remainder 
of the denticulate palate. The stapes is a large bone that 
is oriented transversely and has a very large stapedial 
foramen. The reflected lamina of the angular is clearly 
separated from the remainder of the bone and is char- 
acterized by radiating ridges. 

Much of the postcranial skeleton is known, although 
no restoration has been published. The vertebrae resemble 
those of primitive sphenacodontids, without the exagger- 
ated neural spines of the Sphenacodontinae. The structure 
of the girdles and limbs indicates a posture much ad- 
vanced above the level of the pelycosaurs. The glenoid 
and acetabulum both open more ventrally, and the femur 
may have assumed a semierect posture that was compa- 
rable to moderately advanced thecodonts (Figure 17-14). 
The blade of the scapula is much narrower than that of 
pelycosaurs, but the clavicle and interclavicle remain large 
elements. The outline of the pelvis remains primitive in 
the presence of platelike pubis and ischium. 

The humerus retains a primitive configuration with 
both ends widely expanded, but the femur has a sigmoid 
curvature and inturned head that is comparable to that 
of a crocodile (Kemp, 1982). The hands and feet are more 
symmetrical than those of pelycosaurs, which indicates 
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that they faced more directly forward throughout the stride, 
and the length of some phalanges is greatly reduced, which 
presages the reduction in phalangeal number that is typ- 
ical of later therapsids and mammals (Figure 17-15). 

Dinocephalians 

The dinocephalians were contemporary with the primitive 
carnivorous biarmosuchids and include some of the ear- 
liest herbivorous therapsids. They are confined to the Up- 
per Permian but are known in southern Africa as well as 
Russia. They left no descendants. 



(a) int fossa (b) 



Figure 17-15. LIMB ELEMENTS OF PELYCOSAURS AND THER- 
APSIDS. Ventral views of the femora of (a) Dimetrodon and { b ) a 
biarmosuchid. Note inturning of head in the therapsid. (c) Medial and 
lateral views of the complex astragalus of a biarmosuchid. ( d ) Foot of 
a biarmosuchid. Note reduction in the length of the phalanges relative 
to pnmitive pelycosaurs. Abbreviations: int fossa, intertrochanteric fossa; 
int tr, internal trochanter; lc, lateral centrale; tr 4 , fourth trochanter; 1 
to 5 distal tarsals; i to v, metatarsals, (a) From Romer and Price, 1940. 
(b, c, and d) From Sigogneau and Chudinov, 1972. 



Figure 17-16. THE SKULL OF ESTEMMENOSUCHUS. ( a ) Lateral 
and {b) anterior views. It is one of the oldest-known therapsids, coming 
from the lowermost Upper Permian of Russia. The small size of the 
cheek teeth suggests that it was a herbivore. Its specific affinities are 
unknown. From Chudinov, 1965. By permission of the University of 
Chicago Press. Skull 80 cm long. 


Among the most specialized of the dinocephalians is 
the genus Estemmenosucbus from the lowest Upper Per- 
mian zone in Russia (Figure 17-16). The skull is large and 
massive, with hornlike protuberances on the maxillae, 
frontals, parietals, and jugals. The estemmenosuchids had 
large canine teeth but tiny cheek teeth. Like other dino- 
cephalians, the incisors are large and have a specific in- 
terdigitating arrangement. 

Better known are the brithopodids from the Russian 
Zone II, including Titanopboneus (Figure 17-17). The 
limbs show a more upright posture, but the postcranial 
skeleton retains the general pattern of sphenacodont pel- 
ycosaurs with a very long tail. The digital formula is re- 
duced to 2, 3, 3, 4, 5 in the manus and 2, 3, 3, 3, 3 in 
the pes. The temporal opening is greatly enlarged dor- 
soventrally compared with the pattern of biarmosuchids. 
Dorsally, there are sharp crests near the midline that in- 
dicate the great dorsal extent of the jaw musculature. The 
canines are long, and the piercing cheek teeth suggest that 
the brithopodids had a primarily carnivorous diet. The 
incisors are large and interdigitating; they bear a narrow 
shelf at their base, which ensures a close occlusion that 
would have enabled them to cut pieces of flesh neatly 
from their prey. 

We find more advanced dinocephalians in southern 
Africa. They include the titanosuchids and tapinocephal- 
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Figure 17-17. TITANOPHONEUS. Skeleton of a primitive dinoce 
phalian therapsid from Russia, 2 meters long. Prom Orlov, 1958. 



ids, in which the cheek teeth are reduced in size but in- 
creased in number and evolved a chisel shape like that of 
the incisors. The canine teeth are indistinguishable from 
the remainder of the dentition. These animals were surely 
herbivores. In advanced genera, the snout region is broad 
and low. 

Among the titanosuchids and especially the tapino- 
cephalids, the bones at the back of the skull are extremely 
thick (up to 10 centimeters) and pachyostotic. Barghusen 
(1975) showed that the structure of the skull and its ar- 
ticulation with the vertebral column are ideally suited for 
head-butting behavior such as was suggested for pachy- 
cephalosaurids and is observed today among sheep and 
goats (Figure 17-18). The upper temporal openings are 
greatly reduced as a result of the extensive development 
of surrounding bones. The occiput is broad and slopes 
far forward, with the jaw articulation displaced well an- 
teriorly. The postcranial skeleton of the tapinocephalid 
Moscbops, which reached a length approaching 3 meters, 
resembles that of an ox (Figure 17-19). The forelimbs 
retain a sprawling posture, but the hind limbs would have 
been held nearly erect. The phalangeal count is reduced 
to a mammalian 2, 3, 3, 3, 3. 



Figure 17-18. (a) Skull of the dinocephalian Moscbops showing areas 

of dorsal thickening and distribution of forces produced when head 
butting, (b) Orientation of skulls at time of contact. Abbreviations as 
in Figure 8-3. From Barghusen, 1975. 


Figure 17-19. MOSCHOPS. Skeleton of the large South African tap- 
inocephalid, approximately 5 meters long. From Gregory, 1957. 
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ADVANCED HERBIVOROUS THERAPSIDS: 
THE ANOMODONTS 

Venjukoviamorphs 

The dinocephalians did not survive the end of the Per- 
mian. Most herbivorous therapsids belong to a distinct 
assemblage, the Anomodontia. The earliest members of 
this group are known in the early Russian beds and are 
represented by the genus Otsheria in Zone I and Venju- 
kovia in Zone II (Figure 17-20). The skulls of these genera 
are small and short, superficially resembling the herbiv- 
orous pelycosaurs. The zygomatic arch is located high on 
the cheek and exposes the adductor musculature widely 
between the cheek and the lower jaw. The temporal open- 
ings have expanded posteriorly beyond the level of the 
occipital condyle, but they do not extend as far dorsally 
as those of early dinocephalians. The canine teeth are 
reduced and the cheek teeth are short and blunt. 

The premaxillae form a broad shelf of bone anterior 
to the internal nares. The palate is primitive in retaining 



Figure 17-20. SKULLS OF PRIMITIVE UPPER PERMIAN ANOM- 
ODONTS. Otsheria in ( a ) dorsal, ( b ) palatal, and (c) lateral views, x £. 
From Chudinov, 1 960. ( d ) Venjukovia in lateral view, x 1. From Bar- 
ghusen, 1976. Abbreviations as in Figure 8-3. 


373 



Figure 17-21. SKULL OF THE DROMASAUR GALEOPS. This small, 
agile herbivore is related to the dicynodonts. Natural size. Abbreviations 
as in Figure 8-3. From Brinkman, 1981. 


a movable basicranial articulation and a distinct trans- 
verse flange of the pterygoid, but it has lost the denticles 
that occupied the margin of the flange in the more prim- 
itive therapsids. 

Like the latter anomodonts, the coronoid bone is lost 
from the lower jaw and a large mandibular foramen is 
evident. The dentary bones in Venjukovia are fused at the 
symphysis. 

As herbivorous forms, it was long thought that the 
venjukoviamorphs might form a link between the prim- 
itive dinocephalians and later anomodonts. Barghusen 
(1976) pointed out that Venjukovia is more primitive than 
the earliest known dinocephalians in not having the ad- 
ductor musculature expanded over the dorsal skull table 
behind the orbits. In contrast, Venjukovia initiated the 
spread of a lateral sheet of the adductor mandibulae ex- 
ternus, which originates on the lateral surface of the squa- 
mosal and inserts on the lateral surface of the lower jaw. 
Many of the specializations for a herbivorous diet are 
clearly different in these two groups and evolved sepa- 
rately. There is no evidence to ally the anomodonts with 
any other particular group of primitive therapsids. 

Dromasaurs 

Three genera that are represented by only four specimens 
are the sole members of a second group of anomodonts, 
the dromasaurs, which are known only from the Upper 
Permian of southern Africa. The skull of dromasaurs (Fig- 
ure 17-21) appears superficially like that of the venju- 
koviamorphs, with a high and narrow zygomatic arch, 
narrow postorbital bar, and narrow squamosal. It is rel- 
atively short and there is a partial, secondary palate that 
is formed by the premaxillae. Canine teeth are not prom- 
inent and premaxillary teeth are progressively lost within 
the group. In contrast with venjukoviamorphs and dicy- 
nodonts, the postorbital does not extend back to the squa- 
mosal. The adductor musculature expands out of the tem- 
poral opening dorsally, and the lateral surface of the lower 
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jaw is grooved to suggest an area for insertion of a su- 
perficial layer of the external adductor. 

The limbs are long and slender, in contrast with the 
dicynodonts, and dromasaurs lack the key changes in the 
jaw apparatus that characterize that group. 

Dicynodonts 

The most numerous, diverse, and long-lived anomodonts 
were the dicynodonts, which appeared at the very base 
of the Upper Permian sequence in southern Africa, became 
worldwide in distribution in the Lower Triassic, and con- 
tinued to the end of the Triassic. They were by far the 
most abundant of terrestrial vertebrates in the late Per- 
mian and early Triassic but lost ground by the niid-Trias- 
sic, perhaps in competition with rhynchosaurs and her- 
bivorous cynodonts. 

The early dicynodonts were small in comparison with 
the contemporary dinocephalians and pareisaurs of the 
Upper Permian, but later genera ranged up to the size of 
an ox. The body of dicynodonts is short and stout. In 
large genera, the rear limbs were held erect, but the fore 
limbs were sharply bent at the elbow. In all members, the 
phalangeal count was reduced to 2, 3, 3, 3, 3. The 
postcranial skeleton varied in relationship to body weight 
and to different ways of life that ranged from semiaquatic 
to subterranean, but the skull shows a remarkable con- 
sistency in its proportions that is related to a unique spe- 
cialization of the feeding apparatus. 


The genus Dicynodon (Figure 17-22) shows the cra- 
nial pattern that is typical of the group. Dicynodonts differ 
from vcnjukoviamorphs in lengthening the temporal re- 
gion and elaboration of the squamosal, which results in 
a broad plate of bone on the lateral surface. The teeth 
are greatly reduced, typically leaving only a pair of ca- 
nines, each fitting into a massive canine boss at the front 
of the maxilla. Even these teeth are lost in some genera. 
Their presence or absence in some species may reflect 
sexual dimorphism. 

The premaxillae as well as the dentaries are fused at 
the midline in all but the most primitive genus, Eodicy- 
nodon. The bone at the front of the upper and lower jaws 
is marked by tiny nutritive foramina that resemble the 
surfaces that underlie the horny beak of birds and turtles. 
It is logical to assume that dicynodonts had a similar 
covering that formed a beaklike structure. 

The palate is advanced in having the braincase su- 
tured to the pterygoids, rather than retaining a movable 
basicranial joint. The premaxillae, maxillae, and palatine 
form a long secondary palate, with the internal nares 
opening behind the midpoint of the skull. The temporal 
fossae are enormous, which indicates the great mass of 
the adductor musculature. The area of the pterygoid that 
served for origin of the pterygoideus musculature extends 
anteriorly rather than laterally, so that the conspicuous 
transverse flange of the pterygoid, which is present in 
Otsheria, is no longer evident. 


{a) pm 
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Figure 17-22. SKULL AND LOWER JAWS OF THE ADVANCED 
ANOMODONT DICYNODON. Skull in (a) dorsal, ( b ) palatal, (t) 
lateral, and ( d ) occipital views, xjf. ( e ) Lower jaw in dorsal view, xf 
Abbreviations as in Figure 8-3. From Cluver and Hotton, 1981. 
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The configuration of the jaw articulation differs sig- 
nificantly from that of venjukoviamorphs. The articulat- 
ing surface of the articular is approximately twice as long 
as that of the quadrate. The surface of both bones is 
convex in lateral view but grooved longitudinally, which 
indicates that the articulating surface of the lower jaw 
was translated across that of the quadrate, in contrast 
with the simple hinge joint of most tetrapods. 

The shape of the jaws and temporal region shows 
that the major muscles that opened and closed the mouth 
were oriented nearly horizontally, which suggests that 
anterior and posterior movements of the jaw were of great 
importance (Figure 17-23). 

Within the anomodonts, a major new muscle mass 
has evolved. Already in the venjukoviamorphs, the ad- 
ductor mandibulae externus was widely exposed laterally. 
Barghusen (1976) identified a depression on the lateral 
surface of the lower jaw into which inserted a superficial 
portion of this muscle. The origin may have been in the 
process of shifting from the medial surface of the back of 
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Figure 17-23. EMYDOPS. Reconstruction of the jaw-closing muscles 
in the primitive dicynodont at progressively deeper levels. From Cromp- 
ton and Hotton, 1 967. 
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Figure 1 7-24. LATERAL VIEW OF THE SKULL IN THE PRIMITIVE 
DICYNODONT EMYDOPS. Stages in the masticatory cycle are illus- 
trated. (a) Depression and beginning of protraction. Dashed arrow in- 
dicates direction of jaw movement, (b) Full protraction and beginning 
of elevation, (c) Beak bite and beginning of retraction, (d) Complete 
retraction. From Crompton and Hotton , 1967. 


the zygomatic arch onto the lateral surface of the squa- 
mosal. In dicynodonts, the squamosal has greatly ex- 
panded laterally to provide a very large surface for the 
origin of the newly expanded muscle. The lateral surface 
of the lower jaw has evolved a specialized area for its 
insertion, the lateral shelf. 

The presence of this lateral muscle would have bal- 
anced the more medially directed force of the remaining 
elements of the adductor mass. This balancing force may 
have made it possible for the reduction of the transverse 
flange of the pterygoid, which in more primitive synapsids 
prevented the lower jaw from moving medially. The change 
in orientation of the transverse flange of the pterygoid 
increased the area of the subtemporal fenestra and per- 
mitted the anterior expansion of the adductor muscles. 

Crompton and Hotton (1967) demonstrated that the 
major force for breaking up food resulted from retraction 
of the lower jaw when it was nearly closed (Figure 17- 
24). The jaw opened from its maximally retracted posi- 
tion. As the jaw began to close, it was drawn forward by 
the pterygoideus muscle. It then closed and retracted si- 
multaneously, with the force of the adductors originating 
from the back of the temporal region. 

In primitive dicynodonts, this jaw action produced 
shearing at two points, posteriorly between the remaining 
cheek teeth of the lower jaw, maxilla, and palate and 
anteriorly between the lateral edge of the lower jaw and 
the canine boss. These surfaces were covered with horny 
material that is assumed to have formed sharp cutting 
edges. Advanced dicynodonts loose the cheek teeth en- 
tirely and shearing is limited to the more anterior region, 
which is increased in surface area. Neither grinding nor 
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Figure 17-25. SKELETON OF THE LARGE DICYNODONT KANNEMEYERIA. From the Lower Triassic of southern 
Africa, approximately 3 meters long. From Pearson, 1 924. By permission of the Zoological Society of London. 


chewing occurred in this group; the food was comminuted 
entirely by shearing. 

It is unusual to find a group as diverse in postcranial 
features and as long lived as the dicynodonts that has 
maintained such a stereotyped feeding pattern. We assume 
that all dicynodonts depended primarily on plant mate- 
rial, but the specific diet must have been different in genera 
such as Lystrosaurus, which is thought to have been semi- 
aquatic, huge terrestrial animals such as Kannemeyeria 
from the Lower Triassic (Figure 17-25) and Placerias from 
the Upper Triassic, which have the body proportions of 
large grazing or browsing mammals, and small forms with 
wedged-shaped skulls such as Cistecephalus and Kawin- 
gasaurus, in which the limbs and girdles suggest a bur- 
rowing habitus (Cox, 1972, Cluver, 1978). 

Relationships among the dicynodont lineages are re- 
viewed by Kemp (1982) and Cluver and King (1983). 


ADVANCED CARNIVOROUS THERAPSIDS: 
THE THERIODONTS 

Gorgonopsians 

Although the origin of anomodonts is lost in the obscurity 
of ancestral therapsids, advanced carnivorous therapsids 
may all trace their origin to forms like the biarmosuchids, 
which lead with little question to the gorgonopsians, first 
known from the Upper Permian of southern Africa. The 
ictidorhinids — known primarily from cranial remains — 
provide a close link between the two groups. The skull 
closely resembles that of primitive carnivorous therapsids 
except for the prominence of lower canine teeth, reduction 
in the number of cheek teeth, and the presence of a sep- 
arate median bone in the skull table, the preparietal, be- 


tween the parietal and frontal (Figure 17-26). A bone is 
present in a similar position in dicynodonts but probably 
evolved separately in the two groups. 

Gorgonopsids are advanced over the ictidorhinids in 
the expansion of the adductor chamber and reduction in 
the relative size of the orbit. The canine teeth are further 
emphasized and the cheek dentition reduced. The skull is 
massively constructed and reaches a length of 45 centi- 
meters in one genus. We find gorgonopsids primarily in 
southern Africa, but they also appear in Russia toward 
the end of the Permian. Twenty-two genera have been 
described; they were the dominant carnivores in the later 
Permian and probably preyed on the large pareiasaurs 
and dinocephalians. 

The postcranial skeleton, which is well known in the 
genus Lycaenops (Figure 17-27), superficially resembles 
that of cursorial mammals. The posture of the forelimb 
remains primitive, with the humerus held essentially hor- 
izontal. According to Kemp (1982), the structure of the 
femur is comparable with that of crocodiles and indicates 
a similar capacity for two styles of locomotion — one in 
which the limb retains a sprawling posture like that of 
primitive amniotes and the other in which the femur was 
held at about a 45-degree angle, which enabled the lower 
limb to move in a parasagittal plane. Changes in the struc- 
ture of the ankle and foot that distinguish advanced ther- 
iodonts are little evident in gorgonopsids, which retain 
the primitive phalangeal count of 2, 3, 4, 5, 3, with only 
a slight diminution in the lengths of some phalanges. 

Gorgonopsians did not survive past the end of the 
Permian and are not closely related to the origin of either 
of the more advanced groups of carnivorous therapsids. 
Sigogneau (1970) published the most recent review of this 
group. 
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Figure 17-26. SKULL OF THE PRIMITIVE ICTIDORHINID GOR- 
GONOPSIAN RUBIDGINA. From the Upper Permian of Southern 
Africa, (a) Dorsal and (b) lateral views. As in Biarmosuchus, the orbit 
is much larger than the temporal opening, in contrast with more ad- 
vanced gorgonopsians such as Lycaenops (see Figure 17-27). This skull 
is 10 centimeters long. Abbreviations as in Figure 8-3. From Sigogneau, 
1970. 


Therocephalians 

Two much more advanced groups of carnivorous ther- 
apsids, the therocephalians and cynodonts, appear in the 
Upper Permian of Russia and southern Africa. We have 
not established the specific origin and interrelationships 
of these groups. They may have evolved separately from 
primitive carnivorous therapsids. 

The therocephalians were much more diverse than 
the gorgonopsians, including small, possibly insectivorous 
forms (the scaloposaurids) (Figure 17-28), large carni- 
vores (the pristerognathids), and the herbivorous bauriids. 
They range from the base of the Upper Permian sequence 
to the end of the Lower Triassic and are known in China, 
Antarctica, Russia, and southern and eastern Africa. Men- 
drez (1972, 1974, 1975, 1979) published detailed de- 
scriptions of several genera. 

In contrast with the gorgonopsians, the jaw muscu- 
lature in early therocephalians expanded dorsally over the 
braincase, leaving only a narrow sagittal crest between 
the adductor chambers. Both therocephalians and cyno- 
donts developed a secondary palate, but this structure 
evolved in different ways in the two groups. In primitive 
therocephalians (Figure 17-28 b), the vomer participates 
along with the premaxillae and maxillae, but the palatine 
remains dorsal in position. In primitive cynodonts (see 
Figure 17-30 b), the vomer remains dorsal to the secondary 
palate, which incorporates the palatine in its posterior 
border. In both groups, the epipterygoid is expanded as 
a plate of bone lateral to the braincase. 

Kemp’s (1986) description of a nearly complete skel- 
eton of a small therocephalian shows that some members 
of this group had very mammalian proportions, with rel- 
atively long limbs, attenuated lumbar ribs, and a highly 
reduced tail. 

Some of the therocephalians competed with the gor- 
gonopsians as the large carnivores of the late Permian. 
Like that group, these early therocephalians had large 
canines and tended to lose the cheek teeth. 



Figure 17-27. SKELETON OF THE GORGONOPSID LYCAENOPS, ORIGINAL 1 METER LONG. From Colbert, 1948. 
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Figure 17-29. SKULL OF THE HERBIVOROUS THEROCEPHAL- 
IAN BAURIA. (a) Dorsal and (b) palatal views, x|. Abbreviations as 
in Figure 8-3. Drawn on the basis of sketches of Mendrez-Carroll. 


Figure 17-28. SKULL OF THE LOWER TRIASSIC THEROCE- 
PHAL1AN R ECISAURUS. (a) Dorsal, ( b ) palatal, and (c) lateral views, 
X§. Abbreviations as in Figure 8-3. From Mendrez, 1972. 


We find a variety of small and medium-sized thero- 
cephalians in the Lower Triassic. Among them are the 
bauriids, which parallel the more mammal-like cynodonts 
in several features (Figure 17-29). A nearly complete sec- 
ondary palate is developed and the cheek teeth have ex- 
panded crowns to crush and grind food. The postorbital 
bar is no longer complete. The dentary bone is enlarged, 
but the other bones of the lower jaw are not significantly 
reduced. Paleontologists once thought that therocephal- 
ians related to Bauria might be close to the ancestry of 
at least some mammals, but increased knowledge of both 
therocephalians and cynodonts indicates that only the lat- 
ter groups shows the specialized features of the dentition, 
braincase, and lower jaw that are expected in mammalian 
ancestors. 


CYNODONTS AND THE ORIGIN OF 
MAMMALS 

Therocephalians and gorgonopsians were the dominant 
reptilian carnivores in the late Permian. Within the early 
Triassic they were supplanted by the most advanced ther- 
iodonts, the cynodonts. Although some features that we 
associate with mammals were achieved in other therapsid 
groups, only the cynodonts show a significant approach 
to the mammalian condition in their general morphology. 
Cynodonts are represented in the latest Permian of both 
Russia and southern Africa by the family Procynosuchi- 
dae. The skull of Procynosuchus (Figure 17-30) is ad- 
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Figure 17-30. SKULL OF PROCYNOSUCHUS, xi This cynodont 
is from the Upper Permian of southern Africa. ( a ) Dorsal, (b) palatal, 
(c) occipital, and (d) lateral views, (e and f) Lower jaw in medial and 
occlusal view. Abbreviations as in Figure 8-3. From Kemp, 1979. 


vanced over other early therapsids in a complex of fea- 
tures that presages the mammalian condition. To appreciate 
the importance of these features it is necessary to consider 
some of the basic differences between primitive reptiles 
and mammals. 

We tend to think of large brain size and live birth as 
being particularly important attributes of modern mam- 
mals, but both were achieved relatively late in mammalian 
evolution. The placental pattern of live birth was certainly 
not achieved until late in the Cretaceous and large brain 
size evolved only within the Tertiary. 

A much more fundamental mammalian feature is their 
high metabolic rate. Modern mammals require approxi- 
mately ten times more food and oxygen than do reptiles 
of comparable size. The higher metabolic rate allows 
mammals to be active more continuously and to maintain 


a high, constant body temperature that is independent of 
the environment. Such a radical difference in metabolic 
rate affects nearly all the systems of the body and is re- 
sponsible, directly or indirectly, for nearly all the differ- 
ences we observe between reptiles (be they modern or 
Paleozoic) and mammals. 

The initial change may have been a shift in the quan- 
titative importance of fermentative and oxidative metab- 
olism of the voluntary muscles. Reptiles rely primarily on 
fermentative, anaerobic metabolism of glucose to power 
muscle contractions. Glucose is present within the muscles 
and the response can be immediate and is little affected 
by temperature. By relying on anaerobic metabolism, rep- 
tiles can run short distances as rapidly as mammals. A 
critical drawback of anaerobic metabolism is the accu- 
mulation of lactic acid, which results in muscle fatigue 
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after 1 or 2 minutes of vigorous activity. After a few short 
dashes, a lizard will be almost incapable of further ex- 
ertion. The breakdown of the lactic acid requires several 
hours before the muscles are again capable of active con- 
traction (Bennett and Dawson, 1976). 

Mammals also make use of anaerobic metabolism 
for short bursts of speed, but for sustained locomotion 
they rely on oxidative metabolism. This reaction yields 
substantially larger amounts of energy and produces only 
water and carbon dioxide as waste products. Muscles can 
continue to contract vigorously for hours without signif- 
icant fatigue. 

The more upright posture and structural adaptations 
for more effective fore-and-aft movement of the limbs in 
therapsids, as in dinosaurs, may be related to an enhanced 
capacity to maintain muscle activity for long periods of 
time without fatigue. Judging by the structure of the limbs 
and girdles, we can see that even the eotitanosuchids may 
have had a significantly higher metabolic rate than the 
pelycosaurs and other primitive amniotes. It is difficult to 
explain the upright posture of the gorgonopsians and later 
theriodonts if they were not capable of sustained loco- 
motor activity. 

When viewed from our position as warm-blooded 
mammals, we can easily appreciate the value of a high 
metabolic rate. However, its benefits are costly. Modern 
reptiles require much less food and can survive long pe- 
riods without eating. They much more readily adapt to 
conditions of marked seasonal and diurnal temperature 
change since their body temperature can fluctuate widely 
without ill effects (Pough, 1980). 

A high metabolic rate requires a large and dependable 
food supply. All early amphibians and reptiles were car- 
nivores. The latest pelycosaur fauna, dominated by cas- 
eids, included for the first time a majority of herbivores. 
The herbivorous dicynodonts far outnumbered the car- 
nivores in the latest Permian and early Triassic. The pres- 
ence of a large number of primary consumers may have 
provided a sufficiently stable food source that it became 
practical for carnivorous therapsids to attain a higher 
metabolic rate. 

A high metabolic rate also requires a constant supply 
of oxygen and rapid removal of CO z , which, in turn, 
requires more effective circulation and respiration than 
occur in modern reptiles. One may assume that the ca- 
pacity for gas exchange within the lungs was increased in 
the ancestor of mammals and that a complete separation 
of the ventricles was achieved so that mixing of oxygen- 
ated and deoxygenated blood did not occur. Neither of 
these changes leaves any direct evidence in the skeleton 
and we can only speculate on the degree of their attain- 
ment in the therapsids. 

Other aspects of a higher metabolic rate are more 
directly apparent in the skeletal anatomy. A constant sup- 
ply of oxygen to the lungs in mammals is ensured by the 
separation of the air passage from the mouth by the evo- 
lution of an effective secondary palate. The requirement 


for additional food is related to more effective feeding 
strategies and more rapid digestion. Modern reptiles swal- 
low their food whole or in large pieces and digestion is 
slow. Birds use the gizzard to break up their food into 
small particles so that it can be more rapidly digested. In 
the advanced therapsids and mammals, food is broken up 
in the mouth by the use of a specialized dentition and 
more prolonged chewing. Complex teeth, specialized jaw 
mechanics, and modification of the jaw musculature are 
characteristic of the line leading to mammals. 

None of these changes are evident in the gorgon- 
opsians. Some therocephalians have an extensive second- 
ary palate and complex cheek teeth, but none show evi- 
dence of significant changes in the distribution of the jaw 
musculature. Such changes are evident in even the earliest 
known cynodonts, and additional modifications occur 
progressively in this group throughout the Triassic. 

PROCYNOSUCHIDS AND THE ORIGIN 
OF THE MAMMALIAN JAW MUSCULATURE 

The Upper Permian procynosuchid cynodonts show marked 
advances in the development of a secondary palate, com- 
plex cheek teeth, and changes in the jaw and temporal 
region that indicate the initial steps in reorganizing the 
jaw musculature toward a mammalian pattern. The sec- 
ondary palate in Procynosucbus (Figure 17-30£>) is formed 
by ventral and medial extensions of the premaxilla, max- 
illa, and palatine. They do not meet at the midline and 
do not continue to the back of the tooth row. However, 
a fleshy secondary palate probably completed the sepa- 
ration of the air passage from the mouth. 

The cheek teeth are multicuspate and superficially 
resemble the molars of late T riassic mammals . The crowns 
of the teeth are elongate, with a series of linearly arranged 
cusps. The upper and lower teeth do not occlude with 
one another and are continuously replaced, as in most 
reptiles. 

The temporal opening is enormous, which indicates 
the presence of very large muscles to close the jaws. In 
contrast with other groups of therapsids, the lower tem- 
poral bar, or zygomatic arch, extends laterally beyond the 
level of the dentary. This extension allows the insertion 
of jaw muscles on the lateral surface of the dentary. This 
also occurred in dicynodonts, but as a result of raising 
the zygomatic arch above the level of the tooth row rather 
than by its lateral extension. The dentary of cynodonts 
has a high coronoid process that is recessed laterally for 
muscle insertion. In mammals, the muscle that occupies 
this position is termed the deep masseter and the recess 
for its insertion is termed the masseteric fossa. 

In Chapter 9, we noted that primitive reptiles and 
amphibians have three major jaw adductors, the adductor 
mandibulae posterior, the adductor mandibulae externus, 
and the adductor mandibulae internus (including the 
pseudotemporalis and the pterygoideus). Judging by the 
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Figure 17-31. EVOLUTION OF THE MAMMALIAN JAW-CLOS- 
ING MUSCULATURE. Of the three major elements of the adductor 
musculature in primitive tetrapods described in Chapter 9, the adductor 
mandibulae internus and the adductor mandibulae posterior are both 
very much reduced in the ancestry of mammals. The major muscles that 
originate from the adductor chamber in mammals are all derived from 
the adductor mandibulae externus. In primitive therapsids, as illustrated 
by Biarntosuchus, (a), the externus, as in primitive amniotes, consists 
of a single functional unit that is entirely contained within the adductor 
chamber and inserts on the dorsal and medial surface of the back of 
the lower jaw, In primitive cynodonts such as Tbrinaxodon, [b], the 
zygomatic arches arc bowed laterally and the superficial portion of the 
externus inserts on the lateral surface of the lower jaw. Its origin has 


shifted to the inside surface of the zygomatic arch. With the separation 
of the adductor mandibulae into two functional units, the medial por- 
tion, which originates on the skull roof and the lateral surface of the 
braincase, is now termed the temporalis. The lateral portion is designated 
the masseter. In posterior view, (e), we sec that the force of the masseter 
acts to pull the lower jaw laterally as well as dorsally, thus balancing 
the medially directed force produced by the temporalis, (d) In more 
advanced cynodonts such as Probainognathus, the masseter has split 
into two units. The fibers of the deep masseter, like the single element 
in Tbrinaxodon, are oriented nearly parallel with those of the temporalis. 
The fibers of the newly elaborated superficial masseter are oriented 
obliquely anteriorly. 


configuration of the skull and lower jaw, we can see that 
the primitive pattern is retained in pelycosaurs and early 
therapsids. In later synapsids, the adductor mandibulae 
posterior and the pseudotemporal portion of the adductor 
mandibulae internus are greatly reduced. Most of the 
mammalian jaw musculature and all of that which oc- 
cupies the temporal region is derived from the reptilian 
adductor mandibulae externus. In cynodonts, the outer 
layer of this muscle extends its insertion onto the lateral 
surface of the dentary and thus becomes recognizable as 
the masseter. Its origin switches to the inner surface of 
the zygomatic arch. The muscle that retains its insertion 
on the medial and dorsal surface of the coronoid process 
and that originates on the skull roof and lateral wall of 
the braincase is distinguished as the temporalis (Figure 
17-31). 

The increase in size of the temporal opening in early 
cynodonts provides more space for jaw musculature, thus 
producing a stronger bite. The development of a masseter 
also redistributes the forces that are applied to the jaw 
and allows mediolateral control of jaw movement that 
was not possible in more primitive reptilian groups. This 
control becomes very important in establishing the precise 
occlusion of the molar teeth that occurs in mammals. 

THRINAXODON AND THE EARLY STAGES 
IN THE DEVELOPMENT OF THE 
MAMMALIAN SKELETON 

Skull 

The procynosuchids of the late Permian were succeeded 
in the Lystrosaurus zone at the base of the Triassic by 
the galesaurids, of which Thrinaxodon is the best-known 
example. Both the skull and the postcranial skeleton have 
been the subject of detailed study and provide a thorough 


understanding of a representative therapsid that is close 
to the ancestry of mammals (Jenkins, 1971; Fourie, 1974; 
Crompton and Jenkins, 1979). 

Thrinaxodon was a lightly built, active carnivore, 
approximately 50 centimeters in length. The trunk is long, 
with 27 presacral vertebrae, and the limbs are relatively 
short. The shortness of the limbs is accentuated by the 
plantigrade posture of the feet. The general appearance 
brings to mind the proportions of a mustelid carnivore. 

The skull is about 10 centimeters long, and the ad- 
ductor chamber occupies nearly half of its length (Figure 
17-32). The two sides are separated by a very narrow 
braincase that forms a sharp sagittal crest that still retains 
a pineal opening. The squamosal expands broadly around 
the back of the adductor chamber and forms the lateral 
surface of the occiput. As in Procynosuchus, a single area 
of ossification occupies the position of the postorbital and 
postfrontal of more primitive therapsids. This bone meets 
the prefrontal above the orbit. 

Thrinaxodon is advanced over the procynosuchids 
in the formation of a solid secondary palate, with sutural 
attachment of the maxillae and palatines at the midline 
beneath the nasal passage. The pterygoids meet at the 
midline and close the interpterygoid vacuity in adults. The 
dentition has a nearly mammalian appearance. There are 
four upper and three lower incisors, a number that is 
retained in most more advanced cynodonts. Canine teeth 
are present in both upper and lower jaws, although they 
are not as large as those of more primitive theriodonts. 
There are seven to nine cheek teeth. The crowns are lat- 
erally compressed and marked by a series of linearly ar- 
ranged cusps. However, in contrast with mammals, the 
teeth are still replaced regularly and do not show a specific 
pattern of occlusion. 

The lower jaw is dominated by the dentary, with a 
coronoid process that extends dorsally above the zygo- 
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Figure 17-32. SKULL OF THE LOWER TR1ASSIC CYNODONT Abbreviations as in Figure 8 -3. By permission of the Zoological Society 

THRINAXODON. (a) Dorsal, ( b ) palatal, and (c) lateral views, xf. of London. From Farrington, 1946. 


made arch. The masseteric fossa reaches to its base. The 
postdentary bones are not greatly reduced but, like those 
of Procynosuchus , lose sutural contact with the dentary 
and can move separately. The reflected lamina of the an- 
gular is still a large structure that extends laterally from 
the remaining bone surface. As in primitive reptiles, the 
articular forms the entire surface for articulation with the 
skull. The quadrate and closely linked quadratojugal are 
greatly reduced and fit loosely into adjacent sockets at the 
base of the squamosal. 

An early commitment to a higher metabolic rate among 
therapsids led to selection for a more sophisticated 
postcranial skeleton to facilitate rapid and agile loco- 
motion. Throughout the evolution of cynodonts and Me- 
sozoic mammals, there is progressive change in the mor- 
phology of the vertebrae, girdles, and limbs. The initial 
stages in these changes are clearly evident in Thrinaxodon. 

The Origin of the Mammalian Atlas-Axis Complex 
Among therapsids, there is a marked change in the nature 
of the mobility of the head on the trunk. The pattern in 
primitive amniotes (see Chapter 10) is retained with little 
modification throughout the pelycosaurs and into the 
primitive therapsids (Figure 17-33 and 17-34). The oc- 
cipital condyle is a roughly hemispherical structure that 
is situated beneath the foramen magnum. The atlas arches 
and intercentrum form an incomplete ring that fits about 
it like the socket of a ball-and-socket joint. The mobility 
of this joint was limited by the proatlas, whose paired 
elements formed a link between articulating surfaces on 
the exoccipitals and the paired atlas arches. This linkage 
restricted both rotation and dorsoventral flexion between 
the skull and the trunk. 

Among primitive therapsids, mobility is achieved by 
a limited amount of rotation and flexion at each point of 
articulation between the skull and the anterior elements 


of the cervical series. In mammals, the two movements 
are concentrated between different elements of the atlas- 
axis complex. Dorsoventral flexion in an arc as great as 
90 degrees occurs primarily between the occipital condyle 
and the atlas. This mobility is achieved among the cy- 
nodonts and early mammals by division of the originally 
single occipital condyle into two articulating surfaces that 
shift progressively from a position beneath the foramen 


occipital 

condyle 



Figure 17-33. The articulation between the skull and the cervical ver- 
tebrae changes significantly between pelycosaurs and mammals, (a) In 
primitive pelycosaurs, the occipital condyle is a single hemispherical 
structure located directly below the foramen magnum. ( b ) Within the 
therapsids, the condyle splits to form a paired structure. ( c ) The area 
of articulation moves dorsally in mammals, so that the hinge line passes 
midway in the height of the foramen magnum to minimize tension on 
the nerve cord when the skull is flexed dorsally or ventrally. Pairing of 
the occipital condyle precludes lateral flexion and rotation at chis point. 
Redrawn from Jenkins, 1971. 
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Figure 17-34. CHANGES IN THE ATLAS-AXIS COMPLEX BE- 
TWEEN PELYCOSAURS AND MAMMALS, (a) The pelycosaur 
Ophiacodon. Limited flexion and rotation are possible at a series of 
joints between the occipital condyle and the cervical vertebrae. The link 
between the proatlas and the occiput limits dorsoventral flexion and 
rotation between the skull and the atlas. The atlas arch restricts rotation 
between the atlas and the axis. From Romer and Price, 1 940. ( b ) The 
cynodont Thrinaxodon. The zygopophyseal articulation between the 
atlas and axis is simplified to allow rotation between these elements. 
The pleurocentra of the atlas and axis are closely integrated to form an 
axis around which the atlas arch and intercentrum can rotate. Modified 
from Jenkins, 1970. ( c and d) Modern mammals, (c) Anterior view of 
atlas of a cat. (d) Lateral view of atlas-axis complex separated to show 
articulating surfaces. The atlas arch and intcrcentrum have fused to 
form a ring-shaped structure. The anterior surface restricted movement 
by the skull to flexure in the vertical plane. Rotation and lateral flexure 
occur between the atlas and the axis. 

magnum to positions on either side of this opening. In 
primitive amniotes, flexion at this joint would cause a 
considerable stretching at the top of the spinal cord and 
compression at its base. As the condyles moved dorsally 
to reach the midpoint of the height of the foramen mag- 
num, these forces on the spinal cord were minimized. The 
paired nature of the condylar surface effectively precludes 
rotation and lateral bending at this joint. In Thrinaxodon, 
the condyle is clearly paired, but the proatlas is retained. 
The articulating surfaces are still in a relatively ventral 
position throughout the cynodonts. 

The restriction of rotation between the head and the 
atlas is compensated for by specialization of the atlas-axis 
articulation. In primitive therapsids, rotation between these 
elements is limited by the well-developed zygapophyseal 
joints between the atlas and axis arches. The zygapophyses 
are reduced in early cynodonts. In addition, the centrum 


of the atlas becomes suturally attached and later fused to 
the centrum of the second vertebra to form an axislike 
structure around which the arches of the atlas rotate. The 
atlas intercentrum retains its connection with the atlas 
arches. They are not coossified in either advanced cyno- 
donts or in the earliest mammals, but they must have been 
closely united by cartilage and ligaments. They form a 
functional ring in living mammals. 

In primitive synapsids and other early amniotes, the 
cervical vertebrae extend horizontally toward the skull. 
In cynodonts, there is a progressive trend for them to angle 
dorsally toward the foramen magnum, as in mammals. 
As in most modern mammals, Thrinaxodon already has 
seven cervical vertebrae, which are distinguished by the 
retention of intercentra that are lost in the trunk region, 
the relatively low angle of the zygapophyses, and the sim- 
plicity of the ribs. 

Trunk and Tail 

The configuration of the trunk vertebrae and ribs in ther- 
apsids and early mammals shows progressive changes to 
restrict lateral flexion and enable the trunk to be flexed 
in the sagittal plane. Throughout the trunk in Thrinax- 
odon, the zygapophyses are very steeply angled to reduced 
lateral flexion. For the first time there is a clear distinction 
between the thoracic and lumbar region of the trunk as 
shown by the configuration of the ribs. There are 13 tho- 
racic, 7 lumbar, and 5 sacral vertebrae. The most striking 
feature of the trunk region is the expansion of the prox- 
imal portion of the ribs into a broad costal plate (Figure 
17-35). The ribs in the lumbar region consist of only the 
costal plate, without any shaft. The costal plates are log- 
ically associated with establishing greater rigidity of the 
column so that the trunk region could be held persistently 
off the ground. Their presence also suggests a reduction 
in the degree of lateral undulation of the column (Kemp, 
1982). The costal plates are progressively reduced in sev- 
eral lineages of more advanced cynodonts, which may be 
attributed to a progressive elaboration of the epaxial mus- 
culature to support the trunk, without the need to rely 
on the expanded ribs. It may be recalled that the earliest 
terrestrial vertebrates, the ichthyostegids, had extremely 
broad ribs to support the trunk, but they were reduced 
in subsequent amphibian lineages. 

In contrast with more primitive therapsids, the tail 
is quite short in Thrinaxodon, with only 10 to 15 seg- 
ments. This feature seems trivial, but in fact the shortness 
of the tail is related to a fundamental change in the control 
of posture and locomotion. Both therapsids and theco- 
donts modified their stance from the sprawling posture 
of primitive amniotes, but they did so in different ways. 
Archosaurs retain the long tail that is characteristic of 
primitive amniotes. As the limbs achieved a more habit- 
ually upright posture among advanced thecodonts, the 
maintenance of an arched trunk was achieved by the coun- 
terbalancing of the long heavy tail. The weight of the tail 
also enabled some thecodonts and dinosaurs to achieve 
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Figure 17-35. SKELETON OF THF. LOWER TRIASSIC CYNODONT THRINAXODON, I METER LONG. Greatly 
widened ribs probably served to support the trunk and to limit lateral undulation, from Jenkins, 1984. 


facultative and even habitual bipedality. In contrast, the 
tail was progressively shortened in cynodonts. The elab- 
oration of costal plates and more effective trunk mus- 
culature may have enabled the cynodonts to shorten the 
tail early in their evolution, but this shortening precluded 
the development of bipedality at the therapsid level. Some 
late therapsids did redevelop a long tail, but it was a 
slender appendage like that of modern rodents, without 
the heavy musculature of their reptilian ancestors. 

Changes in the pelvic girdle related to the evolution 
of more fore-and-aft movement of the limbs also were 
markedly different in the two groups. Thecodonts and 
primitive dinosaurs extend the pubis and ischium to in- 
crease the distance between the protractors and retractors 
of the femur. In cynodonts, the pubis and ischium were 
reduced rather than elaborated, but the iliac blade was 
expanded, especially in an anterior direction, to increase 
the area of origin for both protractors and retractors that 
have a much different mechanical arrangement than those 
of dinosaurs. 

The changes in cynodonts were already well under- 
way at the base of the Triassic, at which time the early 
archosaur Chasmatosaurus retained a pelvis that was sim- 
ilar to that of the most primitive diapsids. 

Appendicular Skeleton 

Throughout the cynodonts, changes in the structure of 
the girdles and limbs are associated with a more erect 
posture. As the limbs approached a vertical orientation, 
they could support the trunk without the necessity for the 
extensive musculature originating from the ventral por- 
tion of the girdles that was common to more primitive 
amniotes. There is a gradual reduction in the coracoid 
and puboischiadic plates and changes in the glenoid and 
acetabulum to resist more vertically directed forces from 
the limbs. The pelvic girdle achieves a structure within 
the cynodonts similar to that of primitive living marsu- 
pials and placentals. The pectoral girdle is slower to evolve 
and the forelimbs retain a sprawling posture throughout 
the Triassic. 


In primitive amniotes, the broad ventral blade of the 
clavicle and the robust T-shaped interclavicle served to 
resist the strong medially directed force that resulted from 
the laterally oriented limbs. These dermal elements remain 
large throughout the cynodonts and into primitive mam- 
mals, which indicates that the forelimbs continued to exert 
a substantial medial force as a result of their sprawling 
posture. In the living monotremes, these bones have re- 
tained an essentially cynodont pattern. 

Throughout the cynodonts, there is a gradual reduc- 
tion in the extent of the coracoid and procoracoid. In 
Tbrinaxodon, the coracoid and scapula share about equally 
in the formation of the glenoid. The small procoracoid 
forms a narrow portion of the anterior margin. The scap- 
ula is tall and narrow; it is concave medially to conform 
with the configuration of the trunk. The anterior margin 
is reduced relative to that of pelycosaurs, but a short 
process, the acromion, extends anteriorly to articulate 
with the stem of the clavicle. The scapular portion of the 
glenoid faces ventrally as well as laterally and would have 
received most of the weight of the body on the forelimb. 

The humerus remains a heavy, complex bone, like 
that of pelycosaurs. The head is deflected dorsally to trans- 
late more effectively the force of the limbs to the vertical 
scapula. Movement of the humerus would have still been 
primarily in the horizontal plane and the function of the 
lower limb would have been similar to that in pelycosaurs. 
The opening of the glenoid and the development of a mote 
distinct head would have allowed the humerus to be moved 
closer to the body when it was retracted, a necessary initial 
step in the development of the mammalian fore-and-aft 
swing of the limb. 

Thrinaxodon had a phalangeal count of 2, 3, 4, 4, 
3, with one disk-shaped phalanx in digits 3 and 4. Later 
cynodonts reduced the number to 2, 3, 3, 3, 3. 

The pelvic girdle and rear limb of early cynodonts 
show a series of important changes from the configuration 
in pelycosaurs that presage the mammalian pattern, 
Knowledge of modern reptiles and mammals shows that 
there were also major changes in the functional arrange- 
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ment of the muscles during this transition (Figure 17-36). 
In pelycosaurs, the acetabulum faces directly laterally. The 
shaft of the femur is straight and the head terminal, which 
indicates that it extended nearly horizontally and at right 
angles from the trunk. The surfaces for articulation with 
the tibia and fibula demonstrate that the distal end was 
actually elevated slightly above the acetabulum. The tibia 
and fibula were not held vertically but angled laterally, 
as is shown by their articulation with the astragalus and 
calcaneum. 

The puboischiadic plate was extensive and expanded 
symmetrically anterior and posterior to the acetabulum. 
From its surface originated two major muscles to depress 
the femur or to lift the body on the limb. The pubois- 
chiofemoralis externus inserted primarily on the internal 



Figure 17-36. THE PELVIC GIRDLE AND REAR LIMB. Changes in 
their structure and function between pelycosaurs and cynodonts. ( a ) 
Anterior and ( b ) lateral views of the pelvis and rear limb of the pely- 
cosaur Dimetrodon. (c) Anterior and (d) lateral views of the pelvis and 
rear limb of the cynodont Tbrinaxodon. (e) Dorsal, ( g ) ventral, [g) 
anterior, and (h) posterior views of the femur of Tbrinaxodon showing 
the position of muscle attachments. The orientation of the major muscles 
changes to facilitate more effective fore-and-aft movement of the limb, 
which is drawn closer to the body. The posture of the foot also changes 
in this transition from digitigrade to plantigrade. In Tbrinaxodon, the 
calcaneum serves as a lever to ventroflex the foot. Abbreviations as 
follows: add, adductor musculature; cd fern, caudofemoralis; fern tib, 
iemorotibialis; il fern, iliofemoralis; istr, ischiotrocantericus; pife, pu- 
boischiofemoralis externus; pifi, puboischiofemoralis internus. From 
jenkins, 1971. 


trochanter, a conspicuous ridge on the anteroventral mar- 
gin of the femur just distal to the head. The adductors 
inserted more distally along the adductor crest. 

The main retractor of the femur, which served to 
move the body forward on the rear limb, was the cau- 
difemoralis. This muscle originated at the base of the tail 
and extended horizontally forward to insert on the prom- 
inent fourth trochanter, about one-third of the way down 
the femur on its ventral surface. A second retractor was 
the ischiotrochantericus, which originated along the dor- 
sal surface of the ischium and inserted on the postero- 
dorsal surface of the femur just distal to the head. 

The puboischiofemoralis internus, which originated 
on the dorsal (or internal) surface of the puboischiadic 
plate anterior to the ilium and inserted on the dorsal 
surface of the femur, served as a major protractor, re- 
turned the femur to its anterior position following the 
power stroke. The femur could be lifted by the iliofe- 
moralis, which originated on the dorsal surface of the 
femur just distal to its head. The orientation of the major 
protractors and retractors indicate that the femur moved 
primarily in a horizontal plane. 

In Lower and Middle Triassic cynodonts, the ace- 
tabulum was more open anteriorly and ventral ly. The 
head of the femur angles dorsally and anteriorly from the 
shaft, so that the bone could extend anteriorly at about 
a 55-degree angle to the sagittal plane and move more 
effectively in a dorsoventral arc. The tibia and fibula were 
oriented vertically. 

The pelvic girdle was modified to accommodate a 
shift in the orientation of the major muscles, which also 
modified their areas of insertion on the femur. The pu- 
boischiadic plate is reduced and rotated somewhat pos- 
teriorly, which reflects a reduction in the size of the pu- 
boischiofemoralis externus and the adductor muscles and 
their importance in lifting the body on the rear limb. As 
the pubis and ischium were rotated posteriorly, the ad- 
ductor and puboischiofemoralis externus could serve as 
retractors of the limb. The area of insertion of both mus- 
cles shifted proximally. The point of origin of the cau- 
difemoralis was smaller, and the importance of this muscle 
as a retractor was certainly diminished. 

The orientation and function of the ischiotrochan- 
tericus in cynodonts (termed the obturator internus in 
mammals) remains the same as in pelycosaurs, but its area 
of insertion is elaborated as a conspicuous new structure, 
the greater trochanter, that was just distal to the head of 
the femur on the posterior margin. 

The origin of the iliofemoralis shifts anteriorly in 
cynodonts with the anterior extension of the iliac blade. 
Although its origin is partially anterior to the acetabulum, 
it acts as a retractor because the area of insertion is pos- 
terior and ventral to the inturned head of the femur. This 
muscle, which forms part of the glutei in mammals, serves 
as one of the major retractors of the femur. 

The puboischiofemoralis internus retains its role as 
a protractor of the femur. Its insertion moves from the 
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dorsal to the anterior surface of the femur onto the area 
that is known as the lesser trochanter in mammals. This 
tuberosity is in the same position as the internal trochanter 
in reptiles, and they may be considered structurally ho- 
mologous although they serve for the insertion of different 
muscles. In early cynodonts, the puboischiofemoralis ex- 
ternus moved posteriorly and proximally to occupy the 
intertrochanteric fossa, while the puboischiofemoralis in- 
ternus came to occupy the lesser trochanter. The shift in 
insertion of the internus to a more ventral and anterior 
position was necessary because of the change in the ori- 
entation of the femoral head. If the primitive dorsal in- 
sertion were retained in cynodonts and mammals, the 
muscle would have rotated the femur and swung the limb 
laterally, rather than moving it forward. 

In primitive cynodonts, the origin of the puboischio- 
femoralis internus remained as in pelycosaurs, along the 
anterior surface of the puboischiadic plate. In advanced 
cynodonts and mammals, it migrated anteriorly and dor- 
sally to occupy the anterior margin of the iliac blade and 
lumbar vertebrae and adjacent area of the body wall. In 
this position, the muscle is termed the iliopsoas. 

A nearly mammalian configuration of the pelvic gir- 
dle and rear limb is achieved in the advanced cynodonts 
through the continuation of changes that were initiated 
at the beginning of the Triassic. 

The articulating surfaces of the tibia and fibula in 
Thrinaxodon are modified to accommodate their more 
vertical orientation. A major functional change occurred 
in the ankle joint. As in the squamates and primitive ar- 
chosaurs, a simple joint evolved between the lower limb 
arid the foot that was activated through a lever system. 
The pattern in mammals, which is already evident in the 
early cynodonts, is analogous with that of crocodiles. The 
astragalus is closely integrated with the tibia and the main 
joint occurs between it and the calcaneum, which is closely 
integrated with the foot and develops a posterior heel. As 
in crocodiles, the gastocnemius muscles inserts on the 
calcaneal tuber. The posture of the foot is plantigrade and 
the phalangeal formula is reduced to 2, 3, 3, 3, 3 in middle 
Triassic cynodonts, but additional phalanges may have 
been present in Thrinaxodon. 

ADVANCED CYNODONTS 

Cynognathidae 

From an ancestry among the galesaurids, the later cy- 
nodonts underwent an adaptive radiation that led to a 
diverse assemblage of herbivores and large and moderate- 
sized carnivores that were common in the middle and late 
Triassic and extended into the Jurassic. 

Cynognathus was a large, heavily built carnivore that 
is diagnostic of the Cynognathus zone in the upper part 
of the Lower Triassic of southern Africa and is known 
from South America as well. With a skull that was as 
long as 40 centimeters, Cynognathus must have been one 


of the most formidable carnivores in the early Triassic 
(Figure 17-37). The snout is long and constricted behind 
the large canines. The adductor chamber is expanded lat- 
erally and posteriorly; the surrounding bones are wider 
and thicker than in Thrinaxodon, which suggests a very 
strong bite. The chamber does not extend as far anteriorly 
relative to the total length of the skull so that the gape 
would be wider to accommodate very large prey. The 
cheek teeth are laterally compressed and coarsely serrated. 
The occiput was widely expanded, probably for insertion 
of very massive trunk musculature, and confluent laterally 
with the ends of the very high zygomatic arches. 

The dentary bone makes up a substantially larger 
contribution to the lower jaw than does that of the gal- 
esaurids. Superficially, it resembles the dentary of large 


(a) sq 





Figure 17-37. (a) Skull and ( b and c) lower jaw of the large cynodont 

Cynognathus, maximum length 40 centimeters. Abbreviations as in Fig- 
ure 8-3. ( a ) From Broili and Schroder, 1934. ( b and c) From Kermack, 
Mussett, and Rtgney, 1973. 
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mammalian carnivores, with a high coronoid process. The 
masseteric fossa is deep and extends far forward. The 
ventral margin of the dentary extends posteriorly as the 
angular process. In modern mammals, this process serves 
as the area of insertion for the superficial masseter, a 
muscle that originates on the lateral surface of the anterior 
portion of the zygomatic arch. In Cynognathus, a mas- 
seteric process associated with the origin of this muscle 
extends ventrally from the arch. The superficial masseter 
split off from the anterior margin of the earlier developed 
deep masseter, which is present in primitive cynodonts. 
The fibers of the superficial masseter are oriented poster- 
oventrally, at nearly right angles to those of the deep 
masseter. Elaboration of the superficial masseter com- 
pletes the major changes in the elaboration of the mam- 
malian jaw musculature. 

Although the lower jaw has a superficially mam- 
malian appearance, closer examination shows that the 
dentary is accompanied by a number of smaller bones 
that are united in a narrow bar, which fit into a groove 
on its medial surface. This bar is made up of the articular, 
prearticular, angular, and surangular. The coronoid re- 
mains a flat plate of bone that overlaps the anterior end 
of the rod. The jaw articulation is formed in primitive 
reptilian fashion by the articular and quadrate. 

The postcranial skeleton was very similar to that of 
Tbrinaxodon, except for proportional differences that were 
associated with the greater weight of the body. 

Gomphodonts 

Accompanying Cynognathus in the early Triassic were 
primitive members of two families of herbivorous cyno- 
donts, the Diademodontidae and the Traversodontidae, 
which are together referred to as gomphodonts. The prim- 
itive genus Diademodon (Figure 17-38) closely resembled 
Cynognathus in most cranial and postcranial features, but 
the dentition was markedly different in the presence of 
transversely expanded cheek teeth. 

Like Cynognathus, but in contrast with galesaurids, 
the posterior end of the squamosal is flared laterally to 
form a groove that extends down toward the area of the 
jaw articulation. This structure remains prominent 
throughout the gomphodonts but is less conspicuously 
developed in other cynodonts. The possible function for 
this structure will be discussed in relationship to the jaw 
apparatus. 

The adductor chamber of the gomphodonts was con- 
siderably larger than in Cynognathus, with a relatively 
narrow postorbital bar. 

In diademodontids, the snout is narrow behind the 
large canines, as in Cynognathus. The most anterior of 
the cheek teeth are conical and the most posterior are 
laterally compressed sectorial teeth, as in primitive cy- 
nodonts. The remaining teeth are transversely expanded 
and relatively flat at the tip. The upper teeth are much 
wider than the lower. 


pm 



Figure 17-38. PALATE OF THE LOWER TRIASSIC GOMPHO- 
DONT DIADEMODON, x{. Abbreviations as in Figure 8-3. From 
Brink, 1963. 


When the teeth first erupt, the enamel is elaborated 
in a series of small cusps around the periphery, with a 
large cusp near the middle of the external margin that 
connects with a weak transverse crest. The enamel is lost 
with wear, leaving a cylinder of dentine rimmed with 
enamel. Galesaurids and cynognathids show some tooth 
wear, but there is no regular pattern of occlusion between 
the upper and lower teeth. In gomphodonts, the middle 
of the crown of the lower teeth fits between the adjacent 
crowns of the upper teeth. 

Diademodontids are known from China and east Af- 
rica as well as southern Africa, and they extend into the 
Middle Triassic. 

The traversodontids are a more specialized family of 
herbivores that shares a close common ancestry with the 
diademodontids. Genera from the Lower Triassic of South 
America show an intermediate structure between the two 
families. Primitively, the posterior teeth are still sectorial, 
but in later genera all the postcanines are transversely 
widened with flat occlusal surfaces. The middle Triassic 
genus Massetognathus (Figures 17-39 and 17-40) is typ- 
ical of the group. The canines are greatly reduced and 
there is a short diastema between them and the cheek 
teeth. The snout is not constricted as in diademodontids 
but is expanded beyond the tooth row, which may indi- 
cate the presence of fleshy cheeks to retain the food, as 
in ornithischian danosaurs. The upper teeth are even more 
expanded than in diademodontids, with a strong trans- 
verse ridge on the posterior edge. This ridge would have 
sheared against an anterior ridge on the lower teeth. Both 
upper and lower teeth have an external ridge. Between 
the ridges is a basin where the food was crushed. 
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Figure 17-39. SKELETON OF THE SOUTH AMERICAN GOMPHODONT CYNODONT MASSETOGNATHUS, xi 
From Jenkins, 1970. 


Primitive diademodontids retain broad costal plates 
in the lumbar region like those of the galesaurids, but the 
plates are absent from the cervical and anterior thoracic 
ribs. In contrast, advanced traversodontids have reevolved 
the slim ribs of typical reptiles. The vertebral column is 
specialized in the presence of accessory articulating sur- 
faces that may have helped to support the trunk. The 
epaxial musculature, situated between the neural spines 
and the transverse processes, has probably become further 
elaborated. The ilium is elongated anteriorly and sup- 
ported by up to four sacral ribs. 

Traversodontids survive nearly to the end of the 
Triassic (Hopson, 1984). We know them from the Lower 
to the Upper Triassic in South America, the Middle Trias- 
sic of East Africa, and the Upper Triassic of North Amer- 
ica, India (Chatterjee, 1983), and southern Africa. 

T ritylodonts 

The tritylodonts are certainly the most specialized of the 
herbivorous cynodonts. They do not appear until the Up- 
per Triassic but persist into the late Middle Jurassic as 
the last surviving therapsids. The skull is very mammalian 
in general appearances (Figure 17-41). The temporal 
opening is huge and confluent with the orbit. The post- 
orbital and prefrontal bones are both lost. The dentition 
gives them a rodentlike appearance. One pair of incisors 
is greatly enlarged, but the canine teeth are not developed, 
which leaves a long diastema between the incisors (one 
to three pairs) and the molariform cheek teeth. In contrast 
with all other therapsids, but like the mammals, the cheek 
teeth have multiple roots. However, the dentary retains 
a strictly reptilian pattern, in which the condylar process 
does not reach the squamosal. 

The upper teeth have a squarish appearance in oc- 
clusal view, with three rows of cusps arranged longitu- 
dinally; the lower teeth have two rows of cusps. The 
individual cusps are crescentic; those of the upper teeth 
are concave anteriorly and those of the lower teeth are 
concave posteriorly. The lower teeth are drawn poste- 
riorly along the grooves between the upper teeth as the 
jaw is closed. The pattern of tooth wear indicates that 


similar jaw movements occurs in traversodontids. Mas- 
setognatbus has a pattern of cusps that could have given 
rise to that of the tritylodonts, but the morphological gap 
between the two groups is significant. Only fragmentary 
remains of tritylodonts have been described from the latest 
Triassic in South America, but they are common in the 
early Jurassic of China, western Europe, southern Africa, 
and western North America (Roth and Hopson, 1986; 
Sues, 1983, 1986). Stereognatbus is known from the Mid- 
dle Jurassic of England. The anterior portion of the 
postcranial skeleton is best known in Kayentberium (Fig- 
ure 17-42). The limbs are short and there are no costal 
plates. 

The generally mammalian appearance of the skull 
and the similarity of the dentition to that of gnawing 
mammals led in the nineteenth century to the identifica- 



Figure 17-40. PALATE OF THE HERBIVOROUS CYNODONT 
MASSETOGNATHUS. Abbreviations as in Figure 8-3. From Romer, 
1967. 
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Figure 17-41. THE LOWER JURASSIC TRITYLODONT KAYE N- 
TATHERIUM. (a) Dorsal, (b) palatal, and (c) lateral views, xj. ( d ) 
Lateral view of skull with zygomatic arch removed to show braincase, 
xj. Abbreviations as in Figure 8-3, plus: os, orbitosphenoid; v 2 , v 3 , 
openings for branches of the Vth nerve. From Sues, 1983. 


tion of the tritylodonts as mammals. We now know that 
the postcranial skeleton is extremely mammalian in many 
features as well. Kemp (1983) suggested that they may 
be the most closely related of any of the therapsids to the 
ancestry of mammals. 

The specialization of the dentition, with the loss of 
canines and the complex molarization of all cheek teeth, 
certainly precludes all known tritylodonts from the an- 
cestry of mammals. Kemp proposed that the ancestors of 
mammals would lack all the dental specializations of the 
tritylodonts but would have the derived postcranial fea- 
tures of this group. As yet, no such therapsids have been 
described. Alternatively, one must accept that a great deal 
of convergence in the structure of the girdles and limbs 
occurred between the ancestors of mammals and the 
ancestors of tritylodonts (Sues, 1985). 


Chiniquodontidae 

In addition to the large cynognathids and the herbivorous 
gomphodonts and tritylodonts, a more conservative line 
of small to medium-sized cynodonts is known from the 
Middle and Upper Triassic, the Chiniquodontidae. We 
recognize five genera — Aleodon from the Middle Triassic 
of East Africa and the remainder from the Middle and 
Upper Triassic of South America. 

In all members of this group, the temporal opening 
is very large, extending nearly half the length of the skull 
(Figure 17-43). Nevertheless, it is still separated from the 
orbit by a narrow postorbital bar and, in contrast with 
tritylodonts, the postorbital and prefrontal bones are re- 
tained. However, the pineal opening is lost. The secondary 
palate extends back to the end of the tooth row with a 
major contribution from the palatine bones. The dentition 



Figure 17-42. KAYENTATHERIUM. Anterior portion of the skeleton 
of the Lower Jurassic tritylodont, X J. From Sues, 1983. 
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Figure 17-43. SKULL OF THE ADVANCED CARNIVOROUS CYNODONT PROBAINOGNATHUS. From the Middle 
Triassic of South America, 9| centimeters long, (a) Dorsal, ( b ) ventral, (c) lateral, and ( d ) occipital views, (e) Lateral and (f) 
medial view of lower jaw. (g, h, and i) Details of jaw articulation. Abbreviations as in Figure 8-3, plus: V 2 + j, openings for 
maxillary and mandibular branches of Vth nerve. From Romer, 1970. 
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Figure 17-44. PROBELESODON. Skeleton of the advanced carnivorous cynodant from the Middle Triassic of South 
America, 65 centimeters long, from Romer and Lewis, 1 973. 


closely resembles that of the galesaurids, with four upper 
and three lower incisors, moderately long canine teeth, 
and seven laterally compressed cheek teeth with a lon- 
gitudinal arrangement of cusps. In most chiniquodonts, 
there is only a single row of cusps, but in Probainogna- 
thus, a cingulum bearing cusps is present on the inner 
side of the teeth. The teeth show wear but they did not 
have a regular pattern of occlusion. One of the most not- 
able features of Probainognathus from the middle Triassic 
of Argentina is the posterior extension of the dentary. The 
adjacent surangular articulates with the squamosal, form- 
ing a new jaw joint lateral to the persistent reptilian joint 
between the articular and quadrate. 

We know most of the postcranial skeleton of the 
middle Triassic genus Probelesodon (Romer and Lewis, 
1973) (Figure 17-44). It is clearly advanced over the pat- 
tern of the galesaurids in the loss of costal plates on all 
the ribs. The scapula is narrow and the coracoid reduced. 
The anterior process of the ilium is long, but the posterior 
portion remains long as well. 

Probelesodon is less mammalian in appearance than 
the tritylodonts Oligokyphus and Kayentherium, but we 
should note that Probelesodon is Middle Triassic, while 
Oligokyphus is Lower Jurassic and is significantly youn- 
ger than the earliest mammals. 

Tritheledonts (Ictidosaurs) 

The assemblage of genera that is grouped as the trithe- 
ledonts or ictidosaurs are among the most tantalizing, or 
frustrating, cynodonts. Like the tritylodonts, they are known 
only from the very end of the Triassic and beginning of 
the Jurassic. Five genera have been assigned to the group, 
but all are known from fragmentary remains and few have 
been adequately described. The skull ranges from 3 to 6 
centimeters long, the temporal opening (as in tritylodonts) 
is confluent with the orbit, and the postorbital and pre- 
frontal bones are lost. In Diarthrognathus, the frontal 
extends ventrally anterior to the orbit to reach a dorsal 
process of the palatine that extends up from the palatal 
surface. The dentary appears to have made contact with 
the squamosal. As Gow (1980) described, the dentition 


is unlike that of chiniquidontids and mammals in the 
relatively great width of the cheek teeth (Figure 17-45). 
In Pachygenelus there are only two pairs of upper and 
lower incisors, although Chaliminia has three uppers, be- 
hind which is a diastema. Theioherpeton from South 

(a) 




Figure 17-45. TRITHELODONTS. These advanced carnivorous cy- 
nodonts are from the Upper Triassic and Lower Jurassic, (a) Skull of 
Pachygenelus from the Upper Triassic of North America. From Chat- 
terjee, 1983. With permission from Science. Copyright 1983 by The 
American Association for the Advancement of Science, (b) Teeth of a 
specimen of Pachygenelus from southern Africa. From Gow, 1 980. (c) 
Dorsal view of the skull of Theioherpeton from the Upper Triassic of 
South America. Abbreviations as in Figure 8-3. From Bonaparte and 
Barberena, 1975. 
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America appears to be the most mammalian of them all 
with a small, low skull that has very narrow zygomatic 
arches and narrow, crowned cheek teeth with partially 
divided roots. Diarthrognathus and Cbaliminia appear to 
have retained an interpterygoid vacuity, a feature that was 
present only in very primitive cynodonts, but its expres- 
sion in the trithelodonts may be a result of their very small 
size, which may favor the retention of juvenile characters. 

Because of the incomplete nature of most genera in 
this group, we are not certain that they are closely related. 
Nevertheless, they appear to show the closest approach 
to a mammalian morphology among small carnivorous 
cynodonts, which are otherwise the most appropriate 
ancestors of mammals. 

The origin of the 

MAMMALIAN SKELETON 

We see the initial stages in the origin of most of the 

features that characterize the mammalian skeleton in 
the galesaurids and chiniquidontids of the Lower to Mid- 
dle Triassic. Unfortunately, the record of the immediate 
ancestors of mammals becomes less complete in the Upper 
Triassic. The trithelodonts provide only a tantalizing 
glimpse of small forms that may be derived from the 
chiniquodontids. The tritylodonts provide good evidence 
of the final stages in the evolution of the therapsids, but 
their highly specialized dentition indicates that they are 
not close to the ancestry of mammals. 

SKULL 

Most of the major features of the mammalian skull evolved 
among the carnivorous cynodonts. The chiniquodontids 
still retain the postorbital and prefrontal bones, but they 
are lost in both trithelodonts and tritylodonts. With the 
loss of the postorbital bar, the temporal opening becomes 
confluent with the orbit in these groups, as in the early 
mammals. 

Among the chiniquodontids, the secondary palate ex- 
tended posteriorly to essentially the same extent as in 
primitive mammals. Important changes in the dentition 
between cynodonts and mammals will be discussed in the 
following chapter. 

The major features of the mammalian braincase were 
already established in the carnivorous cynodonts (Figure 
17-46). In modern mammals, the skull is dominated by 
a large, bulbous braincase that is formed largely by dermal 
bones, notably the frontal, parietal, and squamosal. In 
contrast, the braincase of primitive amniotes is formed 
primarily of cartilage and cartilage replacement bones. 
The changes that led to the mammalian type of braincase 
began among the early therapsids not as a means of hous- 
ing a larger brain but to provide more extensive areas of 
origin for the jaw muscles and to strengthen the skull to 
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resist the forces of mastication. Among the therocephal- 
ians, there is already a tendency for the dermal bones of 
the skull table to extend ventrally and anteriorly from the 
dorsal and posterior margins of the adductor chamber, 
but this process is much more fully elaborated among the 
cynodonts. In Thrinaxodon, the squamosal forms the pos- 
terior border of the adductor chamber and extends ven- 
trally to the level of the otic capsule. The parietal extends 
laterally and ventrally over the original, cartilaginous lat- 
eral wall of the braincase. Posteriorly, the endoskeletal 
bones of the otic-occipital portion of the primitive am- 
niote braincase are retained. Throughout the cynodonts, 
the opisthotic is exposed at the base of the occipital sur- 
face as a rodlike paroccipital process, and the postparietal, 
tabular, and supraoccipital are separated by persistent 
sutures, as are the exoccipitals and basioccipital. These 
bones become fused into a unitary occipital plate in ad- 
vanced mammals. 

In pelycosaurs, as in primitive amniotes, the prootic 
is a simple bone that forms the anterior portion of the 
otic capsule and surrounds the anterior margin of the 
fenestra ovalis. In cynodonts, the prootic, which is now 
termed the periotic, becomes elaborated anteriorly. Dor- 
sally, it forms sutural contacts with the ventral lamellae 
of the parietal and squamosal. 

In early synapsids, the epipterygoid was a narrow 
rod of bone that extended dorsally from the pterygoid at 
the level of the basicranial articulation. In cynodonts, it 
expands into a broad plate that is suturally connected to 
the parietal dorsally and the periotic posterodorsally to 
form a bony wall that is lateral to the primitive braincase 
and anterior to the otic capsule. With its incorporation 
into the braincase, the epipterygoid may now be desig- 
nated by the name used in mammals, the alisphenoid. The 
alisphenoid differs from all other elements of the mam- 
malian braincase in tracing its origin to a visceral arch 
component. 

The posteroventral portion of the epipterygoid, or 
alisphenoid, in cynodonts lies lateral to the periotic. Be- 
tween these bones is a space termed the cavum epipteri- 
cum that contains the semilunar and geniculate ganglia 
of the Vth nerve in modern reptiles. This area is open 
ventrally in cynodonts and is not yet really within the 
braincase. 

In primitive cynodonts, the foramen for the mandi- 
bular branch of the trigeminal nerve opens between the 
periotoic and the alisphenoid. The ophthalmic and prob- 
ably the maxillary branches ran forward medial to the 
alisphenoid and emerged along its anterior margin. The 
Vllth (facial nerve) passed out through the periotic behind 
the foramen for the mandibular branch of the Vth. 

Anteriorly, the periotic in Thrinaxodon is divided 
into a superficial sheet of tissue that extends lateral to the 
alisphenoid and a more medial structure, the anterior lam- 
ina (Figure 17-4 6d). The relative extent of these two parts 
of the periotic are important in distinguishing early mem- 
bers of the major mammalian lineages in the later Me- 
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Figure 17-46. EVOLUTION OF THE MAMMALIAN BRAINCASE. 
(d) Posterior portion of the skull in the primitive therapsid Regisaurus. 
As in primitive amniotes, the braincase is still formed primarily by 
endochondral bones and cartilage. The parietal and squamosal are pri- 
marily superficial elements. The epipterygoid forms a broad vertical 
pillar that is lateral to the brain. From Mendrez, 1972. lb) Lateral view 
of the braincase in Probaignathus, a Middle Triassic cynodont. The 
parietal and squamosal have spread ventrally to provide additional sur- 
face for the origin of the jaw musculature. They reach the otic capsule 
to form a continuous wall of the braincase posteriorly. The epipterygoid 
is suturally attached to both the otic capsule and the parietal to form 

sozoic. Anterior to the alisphenoid and medial to the orbit, 
the lateral wall of the braincase remains cartilaginous. 

Endocasts of the braincase of cynodonts indicate that 
the brain size is not significantly larger than that of reptiles 
of comparable body weight. The brain of cynodonts is 
distinguished by the presence of a floccular area adjacent 
to the inner ear that is concerned with balance in modern 
mammals and may be related to the more continuously 
upright posture of cynodonts (Ulinski, 1986). 


THE ORIGIN OF THE MAMMALIAN 
MIDDLE EAR 

In chiniquodontids and tritylodonts, the lower jaw ap- 
proaches the mammalian pattern in the large size of the 
dentary. Throughout the cynodonts, the coronoid process 
expands dorsally to provide additional area for attach- 


a partial wall, lateral to the original cartilagenous braincase. The area 
of the braincase medial to the orbit remains unossified. From Romer, 
1970. ( c ) Medial view of the lateral wall of the braincase in the Lower 
Triassic cynodont Thrinaxodon. From Crompton and Jenkins, 1979. 
(d) Transverse section through the back of the right side of the braincase 
in Thrinaxodon to show the position of the cavum epiptericum between 
the periotic and the epipterygoid. From Crompton and Jenkins, 1979. 
( c and d) By permission of the University of California Press. Abbre- 
viations as in Figure 8-3, plus: V? opening for mandibular ramus of V th 
nerve. 

ment of the adductor muscles and to provide better le- 
verage to close the jaw. At the level of the cynognathids, 
the angular process expanded to accommodate the origin 
of the superficial masseter. Chiniquidontids also elaborate 
the condylar process, which in mammals forms the jaw 
articulation. Bramble (1978) pointed out that selection to 
increase the length of the condylar process must have 
acted initially to support the extradentary bones, since 
there would have been no selective advantage for devel- 
oping the dentary-squamosal joint until contact was ac- 
tually made between these bones. 

Factors that are associated with mastication do not 
serve to explain the concomitant changes in the extra- 
dentary bones. If strengthening of the lower jaw for more 
effective resistance to the forces of mastication were the 
primary selective factor, one would expect that the ex- 
tradentary bones, including the articular, would remain 
solidly attached to the dentary in all therapsids. In con- 
trast, the earliest cynodonts (and also the therocephalians) 
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have lost the sutural connection between the dentary and 
the other jaw bones, which appear to be able to move 
independently to at least a limited degree. The progressive 
reduction in size and loose attachment of the postdentary 
bones has long been an enigmatic aspect of the evolution 
of mammals. The most plausible explanation is that elab- 
orated by Allin (1975) in relationship to the origin of the 
mammalian middle ear. 

All modern mammals differ from other amniotes in 
the presence of three ear ossicles, the malleus and incus 
in addition to the stapes which is homologous with the 
single ossicle of reptiles and birds. As Manley (1972) dem- 
onstrated, the acuity of hearing in birds with a single 
ossicle is as great as that in mammals, so that incorpo- 
ration of the^additional bones has no obvious selective 
advantage but bespeaks a very different evolutionary his- 
tory. The configuration of the back of the skull and the 
orientation and large size of the stapes in early pelycosaurs 
(see Figure 17-3) indicate that it could not have partici- 
pated in an impedance-matching system like that of liz- 
ards, crocodiles, or turtles. Pelycosaurs may have heard 
loud, low-frequency sounds through the general surface 
of the cheek and lower jaw, as do modern earless lizards 
and snakes that have a maximum sensitivity between 200 
and 500 hertz. Like the ancestors of other amniote groups 
that integrated the stapes into the middle ear, pelycosaurs 
solidified the attachment of the braincase to the skull roof, 
which freed the stapes from the supporting role it had in 
early amniotes. For some reason, the stapes remained mas- 
sive in synapsids and there is no evidence for the presence 
of a reptilian type of tympanum attached to the back of 
the cheek. The failure to develop a tympanum in this 
position in the ancestors of mammals may be related to 
the configuration of the back of the skull and lower jaws 
in pelycosaurs, specifically sphenacodonts, which differs 
from that of the ancestors of lizards, turtles, and croco- 
diles. In sphenacodonts and early therapsids, the jaw ar- 
ticulation and the distal end of the stapes are below the 
level of the tooth row, behind the back of the lower jaw. 
If sound were to be transmitted along the length of the 
stapes to the inner ear, the most appropriate area for its 
reception would be the surface of the lower jaw rather 
than the back of the cheek as in conventional reptiles. 

The first evidence of a specialized area for the recep- 
tion of airborne vibrations in pelycosaurs is the reflected 
lamina of the angular in early sphenacodont pelycosaurs. 
It is difficult to accept that this structure was effective in 
sound transmission at this stage of synapsid evolution, 
but the subsequent role of the angular in supporting the 
tympanum is nearly indisputable if one examines its struc- 
ture in later cynodonts and the earliest mammals (Figure 
17-47). Allin (1975) suggested that the reflected lamina 
in pelycosaurs may have acted somewhat as a tympanum. 
To be effective, the underlying space must have been air 
filled, which could have occurred if a diverticulum from 
the eustachian tube were to extend into this area along 
the surface of the pterygoideus muscle. 


S 

\ 

The significance of the rear of the jaw to hearing is 
much easier to accept in early cynodonts, in which there 
is unquestionable mobility of the postdentary bones. In 
Procynosuchus and Thrinaxodon, the reflected lamina of 
the angular is extensive and well separated from the body 
of the bone. Allin suggested that all the postdentary ele- 
ments vibrated as a unit. The movement of the articular 
would be translated to the quadrate, which was only loosely 
attached to the squamosal. The loose attachment of the 
quadrate is only explicable in relationship to its mobility 
in consort with the bones in the lower jaw. In turn, the 
quadrate would have activated the stapes, which is still a 
large element but is lightened by the presence of a very- 
large opening for the stapedial artery. 

In later cynodonts — both the herbivorous gompho- 
donts and tritylodonts and the carnivorous chiniquodon- 
tids — the postdentary bones are further reduced. The an- 
gular is reduced to a narrow rod that lies parallel with 
the prearticular and surangular. The reflected lamina con- 
sists of a narrow process that extends posteroventrally 
toward the retroarticular process of the articular. To- 
gether, these processes form an incomplete ring. Accord- 
ing to Allin, the large bony surface of the reflected lamina 
in early cynodonts was replaced by a membrane (the tym- 
panum) that stretched to the articular. These elements 
form a structure that is comparable, except for its larger 
size, with the tympanic ring and malleus in modern mar- 
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Figure 17-47. PROGRESSIVE CHANGES IN THE STRUCTURE OF 
THE JAW AND ELEMENTS OF THE MIDDLE EAR FROM PELY- 
COSAURS TO MAMMALS. All in lateral view, (a) The sphenacodont 
pelycosaur Dimetrodon. All the elements of the lower jaw are suturally 
attached. The angular bears a reflected lamina, (b) Condition of an 
advanced therocephalian. Postdentary bones are no longer suturally 
attached to the dentary, but they remain very large, (c) Thrinaxodon, 
a primitive cynodont. (d) The advanced cynodont Probainognathus. (e) 
An early Jurassic mammal, Morganucodon. (f) Hypothetical reconstruc- 
tion of a Jurassic panthothere. The ear ossicles are not known in the 
immediate ancestors of placentals and marsupials, but they would have 
been about this size. Abbreviations as in Figure 8-3. Prom Allin , 1975. 
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Manubrium 
(retroarticular process) 


Figure 17-48. (a) Jaw and ear region in a mammal-like reptile, Thri- 

mxodon, and ( b ) a living opossum, (c) Enlarged view of ear ossicles in 
the opossum, {d) Medial view of the jaw in a fetal mammal to show 
the parallel between the ontogenetic development of the middle ear and 
jaw joint complex with the phylogenetic origin of this structure. Ab- 
breviations as in Figure 8-3. From Crompton and Jenkins, 1979. By 
permission of the University of California Press. 

supials (Figure 17-48). The malleus articulates with the 
incus in exactly the same way as the articular articulates 
with the quadrate in advanced therapsids and the quad- 
rate (incus) articulates with the stapes. 

The ear ossicles in adult mammals are functionally 
very distinct, since they do not serve a role as elements 
in the jaw articulation, as was the case in all therapsids. 
Indicative of this evolutionary transformation, the func- 
tion of these bones changes in every generation of mar- 
supials. During their development in the pouch, the mal- 
leus and incus retain the reptilian role of the articular and 
quadrate. Only when the young leave the pouch do these 
bones separate from the lower jaw and enter the middle 
ear. 

In Probainognathus, the surangular and dentary ex- 
tend back to the squamosal to form a second jaw artic- 
ulation. As the dentary is further elaborated, we can rec- 
ognize two functional jaw joints, a medial reptilian joint, 
which consists of the articular and quadrate, and a lateral 
mammalian joint, which is formed by the dentary and 
squamosal. Both are retained in early mammals (see Chap- 
ter 18). It is not yet certain when the malleus and incus 
became incorporated into the middle ear, but the grooves 
on the medial surface of the dentary that indicate their 
position of attachment in early Jurassic mammals are 
missing in Upper Jurassic genera. 


JAW MECHANICS 

Selection for improved reception of airborne vibrations 
must have remained strong throughout the evolution of 
the cynodonts, even against what must have been strong 
pressure for greater solidification of the elements of the 
lower jaw. 


It is difficult to understand how the jaws of advanced 
cynodonts resisted the forces placed on them by the in- 
creasing volume of jaw musculature. Bramble (1978) elab- 
orated an elegant model to explain how the forces of 
mastication were distributed. 

We have long recognized that even in modern mam- 
mals the area of jaw articulation is small and probably 
cannot resist the full force of the jaw muscles. This prob- 
lem would have been much greater in the advanced cy- 
nodonts. Although the forces of the various components 
of the jaw musculature are in different directions, all would 
appear to place pressure on the jaw articulation if it is 
viewed as the only fulcrum about which the jaw rotates. 

The most important feature of Bramble’s model is 
the recognition that the position at which the food is held 
in the mouth will act as a second fulcrum. This point is 
most clearly evident if we consider a moderately advanced 
cynodont such as Trirachodon and concentrate on a single 
muscle, the temporalis (Figure 17-49). The force of the 
muscle acts posterodorsally on the coronoid process. One 
may continue this line anteroventrally to intersect the tooth 
row. This line is termed the projected line of action. If 
the food being bitten is anterior to this intersection, the 
force of the muscle lifts the back of the jaw and exerts a 




Figure 17-49. RESOLUTION OF FORCES ON THE JAW JOINT OF 
A MAMMAL-LIKE REPTILE. Based on the hi-fulcral model of Bram- 
ble, 1978. Abbreviations as follows: PLMA, projected line of muscle 
action, extended anteriorly from the temporalis; FCM, fulcrum of cranio- 
mandibular joint; T, temporalis; SM, superficial masseter; 1, 2, 3, oc- 
clusal fulcra, (a) When the occlusal fulcrum is at 3, near the front of 
the mouth, contraction of the temporalis places a positive force on the 
jaw articulation. When the occlusal fulcrum is at 1, near the back of 
the jaw, the force on the jaw articulation is negative. When the occlusal 
fulcrum is directly in line with the projected line of muscle action, the 
force on the jaw articulation is neutral. ( b ) Representation of the coun- 
terbalancing of forces produced by the temporalis and the superficial 
masseter. The superficial masseter, whose force is represented by the 
arrow SM, acts at nearly right angles to the temporalis, T. When the 
occlusal fulcrum is near the front of the jaw, 3, the force on the jaw 
joint is negative, and when it is at 1, the force is positive. There will be 
a position near the middle of the jaw where the forces of the temporalis 
and superficial masseter neutralize one another. 
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positive pressure on the jaw articulation. If the food, and 
so the fulcrum, is posterior to the intersection, the back 
of the jaw is lowered and produces a negative force on 
the jaw joint. The further posterior the point of bite, the 
greater the negative force. The deep masseter acts in the 
same direction as does the temporalis. 

In contrast, the superficial masseter is oriented so as 
to give a balancing effect. If that muscle is considered 
alone, the greatest positive force is applied when the food 
is at the back of the jaw, and the greatest negative force 
is when the food is in an anterior position. 

When food is held at the back of the jaw, the strong 
negative force produced by the temporalis and deep mas- 
seter are balanced by the positive force of the superficial 
masseter. It would be possi ble for the forces to be balanced 
all along the jaw by reducing the force of one or the other 
muscle masses. In practice, the negative force of the tem- 
poralis dominates in the posterior portion of the jaw and 
the force is positive for food held anteriorly. In no area 
is the force on the jaw articulation as great as it would 
be if only the temporalis or the superficial masseter were 
active. 

The balance between the forces differs in relationship 
to the height of the coronoid process and the orientation 
of the temporalis. During the course of cynodont evolu- 
tion, the projected line of action intersects the jaw at a 
progressively more anterior position (Figure 17-50). In 
Probainognathus, it passes over the end of the jaw so that 
the force on the jaw articulation is negative no matter 
where along the jaw the bite may be. 

Allin suggested that this negative force had to be 
-compensated for by the depressor mandibulae, which 
originated on the back of the skull and inserted on the 
articular to prevent the dislocation of the lower jaw. He 
placed the origin of the muscle within the trough that was 
formed by the lateral flaring of the squamosal. Other 
workers, including Sues (1983), reconstructed an external 
auditory meatus within the groove and argued that the 
retroarticular process of the articular was too fragile to 
serve as the origin for a strong depressor. 


POSTCRANIAL SKELETON 

The latest of the chiniquodontids in which the postcranial 
skeleton is well known is Probelesodon (see Figure 17- 
44). The limbs are considerably more gracile than in prim- 
itive cynodonts, but the structure of the girdles and limbs 
have not advanced far from the pattern of the galesaurids. 
As Kemp (1982, 1983) emphasized, the postcranial skel- 
eton of the late Triassic and early Jurassic tritylodonts is 
far closer to the mammalian pattern than is that of the 
Middle Triassic chiniquodontids. 

In both groups, the costal plates, which are so con- 
spicuous in primitive cynodonts, are lost and the ribs have 
an appearance that is common to most reptiles and early 
mammals. The axial musculature probably assumed a much 
more important role in supporting the trunk. Even the 
extra zygapophyseal articulations, which are common in 
more primitive forms, are lost. Surprisingly, the distinc- 
tion between the thoracic and lumbar ribs that is evident 
in Thrinaxodon is lost in the most advanced cynodonts, 
although tritylodonts show a definite distinction between 
thoracic and lumbar vertebrae. 

The axis centrum of tritylodonts assumes a mam- 
malian configuration with the elaboration of a large an- 
terior dens, which is only an incipient feature in early 
cynodonts. However, the atlas arch and intercentrum are 
not yet fused to one another. The ends of the centra are 
flat or amphiplatyan, as in mammals, with the loss of the 
notochordal remnants between the centra that were re- 
flected in the amphicoelous configuration in more prim- 
itive synapsids. In tritylodonts, there are just two sacral 
vertebrae, as in the early mammals, and the more pos- 
terior caudal vertebrae are elongated to form a long, but 
slender, tail. 

Although it is still far more primitive than that of 
early placental and marsupial mammals, the shoulder gir- 
dle closely approaches the pattern of the primitive mam- 
mals of the early Jurassic. The coracoid elements are fur- 
ther reduced than in earlier cynodonts, and the glenoid is 
very open laterally (Figure 17-51). The acromion and the 



Figure 17-50. JAWS OF THREE CYNODONTS. The way in which 
the progressive heightening of the coronoid process changes the forces 
acting on the jaw joint is shown. Only the temporalis is considered, (a) 
In Procynosucbus, the projected line of muscle action crosses the lower 
jaw behind the teeth row, and the force on the jaw joint is positive no 
matter where the food is bitten, (b) In T rirachodon, the projected line 
of muscle action intersects the middle of the tooth row, so that a more 
anterior bite will produce a positive force but a more posterior bite will 
produce a negative force. ( c ) In Probainognathus, the projected line of 


muscle action passes over the end of the jaw, and the force on the jaw 
joint will be negative no matter where the food is bitten. With the 
evolution of the superficial masseter, cynodonts were able to exert a 
progressively stronger bite on the food while the jaw articulation was 
stressed to a smaller extent. This process explains how the extradentary 
elements could have been reduced in late therapsids in relationship to 
the evolution of the mammalian middle ear. Abbreviation as in Figure 
17-49. From Bramble, 1978. 
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Figure 17-51. CHANGES IN THE SHOULDER GIRDLE IN AD- 
VANCED THERAPSIDS. (a) A cynodont. From Jenkins and Farrington, 
1976. ( b ) The tritylodont Oligokyphus. From Kemp, 1982. 

base of the anterior margin of the blade of the scapula 
are angled laterally away from the anterior margin of the 
coracoid region and apparently provided passage for the 
extension of a portion of the supracoracoideus muscle, 
which is thought to have originated on the medial surface 
of the scapular blade. This muscle is homologous with 
the supraspinatus in advanced mammals and helps to sta- 
bilize the shoulder joint when the humerus is held in a 
more upright position. 

The humerus has a long shaft and a large hemispher- 
ical head. According to Kemp (1982), the forelimb had 
achieved a primitive mammalian posture within the tri- 
tylodonts. 

The pelvic girdle and rear limb also achieved an es- 
sentially mammalian appearance in the Lower Jurassic 
tritylodonts (Figure 17-52). The ilium is long and directly 
anterodorsally, with the loss of the posterior expansion 
that was common to early synapsids. A ridge running the 
length of the lateral surface of the ilium separates the area 
of origin of the dorsal gluteus (iliofemoralis) from the 
ventral iliacus and psoas (puboischiofemoralis internus). 
The pubis and ischium have rotated posteriorly so that 
they are largely posterior to the acetabulum. The three 
bones remain as separate areas of ossification in all cy- 
nodonts but become indistinguishably fused in mammals. 
A large obturator foramen, whose initial development 
occurred in early cynodo.nts, is evident. 

The femur of tritylodonts is essentially straight, with 
a large, medially inflected, hemispherical head. The pos- 
ture and gait of the rear limb may have been comparable 
to those of primitive modern mammals. 



Figure 17-52. CHANGES IN THE PELVIC GIRDLE BETWEEN 
PRIMITIVE AND ADVANCED THERAPSIDS. (a) The cynodont Thn- 
naxodon. (b) The tritylodont Oligokyphus. From Jenkins and Farring- 
ton, 1976. 


Summary 

The ancestry of mammals can be traced via the mam- 

mal-like reptiles to the base of the amniote radiation 
in the early Pennsylvanian. The mammal-like reptiles are 
grouped in two orders, the Pelycosauria and the Ther- 
apsida within the subclass Synapsida. Early pelycosaurs 
are differentiated from other primitive amniotes by their 
larger size, dentition and skull proportions (which indi- 
cate a carnivorous diet), and the presence of a lateral 
temporal opening. Pelycosaurs were the most common 
amniotes in the late Pennsylvanian and early Permian. We 
recognize several families, including the primitive ophia- 
codonts, the herbivorous edaphosaurs and caseids, and 
the large, carnivorous sphenacodontids. The large “sail” 
of the sphenacodontid Dimetrodon, which was supported 
by very elongate neural spines, probably functioned to 
absorb and radiate heat, indicating that the most ad- 
vanced pelycosaurs were ectothermic, as are most reptiles, 
and had a low metabolic rate. 

The transition between pelycosaurs and therapsids 
has not been documented. It may have involved an en- 
vironmental shift, as well as changes in morphology and 
physiology. The therapsids are already quite diverse when 
they first appear in the Upper Permian of Russia. The 
skull of the primitive eotitanosuchids resembles that of 
sphenacodont pelycosaurs, especially in the presence of a 
reflected lamina of the angular, but the limbs could be 
held in a more upright position and moved in a more 
nearly fore-and-aft direction. Primitive therapsids include 
both carnivores and large herbivorous genera that were 
common in both Russia and southern Africa in the late 
Permian. The most common therapsids were the herbiv- 
orous dicynodonts, in which the dentition was function- 
ally replaced with a horny beak. They sheared their food 
with a posteriorly directed, nearly horizontal stroke. Di- 
cynodonts were extremely varied in habitat and body size, 
but all had a very similar jaw structure. 

We recognize three major groups of carnivorous ther- 
apsids, the primitive gorgonopsians, which were restricted 
to the Upper Permian; the more diverse therocephalians; 
and the cynodonts, which led to the mammals. 

The most significant factor that differentiated ad- 
vanced therapsids from primitive amniotes was an in- 
creased metabolic rate, which is indicated in primitive 
cynodonts by expansion of the adductor chamber, more 
complex cheek teeth, and formation of a secondary palate, 
which can be associated with prolonged mastication. 
Among cynodonts, the structure and function of the atlas- 
axis complex approaches the mammalian condition, as 
does the pattern of the girdles and limbs. 

Advanced cynodonts include both carnivorous and 
herbivorous lineages. The herbivorous tritylodonts ap- 
proached the mammalian pattern of the postcranial skel- 
eton very closely but were strongly divergent in the loss 
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of the canines and anterior cheek teeth and the elaboration 
of crushing and grinding posterior teeth. 

The carnivorous chiniquodontids are the most mam- 
mal-like of adequately known cynodonts. The secondary 
palate is highly developed and the cheek teeth are laterally 
compressed with a longitudinal series of cusps, as in early 
mammals. In contrast with the condition in tritylodonts, 
the dentary approaches the squamosal as an initial stage 
in the formation of the mammalian jaw joint. The brain- 
case in cynodonts assumed a mammalian configuration 
by the ventral elaboration of the parietal and frontal and 
integration of the epipterygoid (or alisphenoid) into the 
skull wall anterior to the otic capsule. These changes can 
be attributed to extension and strengthening of the areas 
of origin for the jaw musculature. The brain itself re- 
mained relatively small. 

Mammal-like reptiles evolved an impedance-match- 
ing middle ear in an entirely different way than did the 
ancestors of modern reptiles and birds. Among pelyco- 
saurs, the reflected lamina of the angular in sphenacodonts 
probably functioned as a tympanum. Its vibrations were 
transmitted to the inner ear via the articular, quadrate, 
and stapes. Among therapsids, the bones at the back of 
the jaw are not suturally attached to the dentary but were 
able to move separately, which facilitated transmission of 
vibrations. The extradentary bones were gradually re- 
duced but remained part of the lower jaw even among 
early mammals. The configuration and relative position 
of these bones indicate without any doubt that the quad- 
rate, articular, and angular of reptiles are homologous 
with the incus, malleus, and tympanic of modern mam- 
mals. 

Carnivorous cynodonts became progressively rare to- 
ward the end of the Triassic. We cannot yet recognize the 
specific lineage that led to mammals. 
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Primitive Mesozoic 
Mammals and 
Monotremes 


Many mammalian features were achieved within the ther- 
apsids, but the two groups can still be clearly distin- 
guished. We recognize the oldest fossil mammals from the 
late Triassic and early Jurassic. They were small forms 
that probably resembled living shrews in their general 
appearance and way of life (Figure 18-1). Their remains 
are identified as mammalian primarily on the basis of 
characters of the jaws and teeth. In contrast with ther- 
apsids, the dentary and squamosal form the principal jaw 
joint. The incisors, canines, and premolars are replaced 
only once, and the molar teeth are not replaced at all. 
The molars have two roots and show a specific pattern 
of occlusion. 

Early mammals represent a new radiation that was 
clearly separate from that of the therapsids and stemmed 
from a distinct lineage of small carnivorous or insecti- 
vorous cynodonts that had achieved a relatively larger 
brain size and, probably, a higher metabolic rate than 
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other mammal-like reptiles. Several distinct groups of 
mammals are known from the Upper Triassic and Jur- 
assic, but the morganucodontids are by far the best known. 
In most features of their skeletal anatomy, they are almost 
ideal ancestors for later mammals. 


i The anatomy of 

MORGANUCODON 

SKULL 

Morganucodon is known from many specimens that pro- 
vide detailed knowledge of most of the skeleton. Kermack, 
Mussett, and Rigney (1981) described the skull in detail 
on the basis of articulated material from China and thou- 
sands of disarticulated elements from fissure fillings in 
Great Britain (Figure 18-2). All the material appears to 
be early Jurassic in age (Sinemurian). 

The skull is approximately 3 centimeters long and 
appears large relative to the body. It is long and slender 
compared with those of Thrinaxodon and Probaino- 
gnathus. The zygomatic arch is slender and arched dorsally 
but less expanded laterally. The temporal opening and 
the orbit are confluent. The braincase appears much larger 
than in any well-known cynodonts, which can in part be 
attributed to the smaller size of the skull (less than half 
the length of Probainognathus ). 

The parietals are fused, and their line of fusion forms 
a narrow sagittal crest. With the loss of the postorbital 
and prefrontal, the frontal appears as a much larger ele- 
ment than in cynodonts and extends ventrolaterally over 
the dorsal portion of the braincase, as does the parietal. 
Anterior to the orbit, the frontal meets a dorsal extension 
of the palatine. In contrast with therian mammals (mar- 
supials and placentals), the squamosal forms no part of 
the braincase. 


(b) 



Figure 18-1. (a) Skeleton of a primitive mammal based on disarticu- 

lated elements of Morganucodon and a partial skeleton of Megazostro- 
don. The skeleton was 10 centimeters long to the base of the tail. From 
Jenkins and Farrington, 1976. ( b ) Restoration of a primitive mammal 
based on Morganucodon and Megazostrodon. From Crompton, 1968. 


The external nares are apparently confluent, al- 
though the tip of the snout is not well known. Ventrally, 
the premaxillae and maxillae form the border of the in- 
cisive foramen, just lateral to the midline. In living mam- 
mals, this opening is associated with the Jacobson’s organ, 
an accessory nasal pouch for smelling the contents of the 
mouth. 

A large nasal cavity occupies the snout above the 
secondary palate. It was probably lined by extensive ol- 
factory epithelium. In modern mammals, this tissue is 
supported by cartilaginous turbinal bones that have a 
scroll-like configuration. Longitudinal ridges on the in- 
ternal surfaces of the maxillary and nasal bones of both 
advanced cynodonts and early mammals indicate where 
the turbinals were attached. 

The tooth row extends more than half the length of 
the skull, as does the secondary palate. The area between 
the back of the skull and the palate is telescoped relative 
to cynodonts and is further shortened in later mammals. 
The pterygoid is reduced in extent but still retains a lateral 
flange that limited medial movements of the lower jaw. 
The ectopterygoid, which is lost in most later mammals, 
may have been retained in Morganucodon. The quadrate 
ramus of the pterygoid extends posteriorly as a narrow 
process lateral to the cavum epiptericum, which remains 
open ventrally, lateral to the basisphenoid. 

The braincase can be seen in lateral view in the intact 
skull, and we can study the internal surface and details 
of the individual bones from those collected from the 
fissure fillings. The external surface of the back of the 
braincase broadly resembles that of carnivorous cyno- 
donts, but the petrosal extends relatively further forward* 
than in Probainognathus and surrounds the opening fori 
the maxillary and mandibular branches of the trigeminall 
nerve (Figure 18-2). These nerves passed between the pe-B 
trosal and the alisphenoid in cynodonts and penetrate the! 
alisphenoid in modern therian mammals (Figure 18-3). Isfl 
marsupials and placentals, these opening in the alisphea-M 
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oid are termed the foramen rotundum (for the maxillary 
branch) and the foramen ovale (for the mandibular branch). 
Since these openings pass through the petrosal rather than 
the alisphenoid in Morganucodon, they are designated the 
pseudorotundum and pseudoovale. Kermack and his col- 
leagues (1981, 1984) attributed great taxonomic signifi- 
cance to the different relative extent of the alisphenoid 
and petrosal in Morganucodon compared with both cy- 
nodonts and therian mammals. Developmental studies of 
modern mammals by Griffiths (1978) and Presley (1981) 
show that ossification of the wall of the braincase is quite 
opportunistic, especially in monotremes. The relative ex- 
tent of ossification of the petrosal and alisphenoid might 
have been quite variable in evolution. 

Posteriorly, the alisphenoid extends as a narrow 
quadrate ramus beneath the petrosal nearly to the pos- 
terior end of the anterior lamella. The large opening in 
the wall of the skull medial to the orbits, which was 
retained in carnivorous cynodonts, is partially closed by 
the formation of a new area of ossification, the orbito- 
sphenoid, through which emerged the optic nerve (11). 
Some tritylodonts are more advanced than primitive 
mammals in ossifying this area completely. 

The base of the braincase forms a broad, triangular 
area. The basisphenoid is solidly sutured to the pterygoid, 
but the shape of the once movable basipterygoid process 
is evident in dorsal view (Figure 18-46) and where the 
bone is isolated from the rest of the skull. The basi- 
sphenoid is fused anteriorly to the narrow process of the 
parasphenoid. In contrast, the parasphenoid appears as a 
separate ossification in most mammals. The slender, me- 
dian vomer continues anteriorly from the parasphenoid. 

The basisphenoid is pierced ventrally by foramina 
for the carotid arteries. The course of these arteries is 
quite variable in mammals and the position of foramina 
for their passage is an important basis for classification. 
In Cynognathus, gomphodonts, and tritylodontids, the 
carotids enter the sella turcica from the side. 

The otic capsule in Morganucodon, as in all mam- 
mals, is ossified as a single unit, the petrosal, which rep- 
resents the fusion of the opisthotic and prootic of more 
primitive tetrapods. Ventrally, the petrosal forms a broad 
floor of the braincase that is in close association with the 
basisphenoid and basioccipital. 

An important distinction from cynodonts is the an- 
terior extension of the base of the petrosal to form a 
partial floor of the cavum epiptericum, medial to the ver- 
tically oriented anterior lamina of the petrosal. A large 
recess is evident dorsally (Figure 18-4c) for the semilunar 
ganglion of the Vth nerve. Posteriorly and dorsally we 
can see a second conspicuous depression in the petrosal, 
the subarculate fossa, which houses the flocculus, a por- 
tion of the brain that is important in muscular coordi- 
nation. 

The cochlea of the inner ear is much larger than in 
cynodonts, and its position is evident externally by a con- 
spicuous promontory. As in reptiles and monotremes, the 
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cochlea is not coiled, as it is in marsupials and placentals. 
Ventrally, the otic capsule is penetrated by the cochlear 
foramen and the vestibular foramen (or fenestra ovalis), 
which receives the footplate of the stapes. 

This area of the braincase differs markedly from that 
of advanced placental mammals, since there is no auditory 
bulla, which could form only after the articular and quad- 
rate left the jaw joint. Primitive marsupials also lack a 
bulla and so retain the primitive condition (Figure 
18-3). 

The dorsal margin of the parietal and squamosal form 
a transverse lambdoidal crest that separates the occipital 
surface from the temporal opening. In contrast with ad- 
vanced mammals, sutures separating the bones of the oc- 
ciput are still clearly evident. The occipital condyles are 
formed entirely by the exoccipitals, with the basioccipital 
being only narrowly exposed posteriorly. The condyles 
remain relatively low in comparison with modern therian 
mammals. Just anterior to the condyle is a tiny anterior 
condylar foramen for the Xllth cranial nerve. Between 
the exoccipital and the petrosal is a foramen for the in- 
ternal jugular vein, glossopharyngeal nerve (IX), vagus 
nerve (X), and spinal accessory nerve (XI). This opening 
is termed the jugular foramen in reptiles but the posterior 
lacerate foramen in mammals. 

The posttemporal fossa, which is lost in later mam- 
mals, opens between the squamosal and petrosal. The 
tabulars and supraoccipital are not present in any of the 
available specimens, but we think that they remained as 
distinct centers of ossification. The postparietal also ap- 
pears as a separate center of ossification during early de- 
velopment in living mammals. 

The jaw articulation is just anterior to the level of 
the occipital condyles in primitive mammals but assumes 
a more anterior position in advanced forms. The primi- 
tive, posterior position of the jaw articulation may be 
associated with the close relationship between the extra- 
dentary jaw bones and the otic capsule, which is inherited 
from cynodonts. The squamosal forms a distinct but shal- 
low glenoid for articulation with the condyle of the den- 
tary in Morganucodon (Figure 18-4J). Immediately me- 
dial to this joint is a recess for the quadratojugal and 
quadrate, which articulate with the articular. The quad- 
rate is supported medially by the paroccipital process of 
the otic capsule. The jaw articulation is slightly above the 
level of the tooth row rather than more ventral, as was 
the case in carnivorous cynodonts. 

The stapes is distinguished by a large stapedial for- 
amen and articulates with the medial surface of the quad- 
rate. These elements probably already functioned as ear 
ossicles, but they are only slightly reduced in size relative 
to their proportions in cynodonts. Judging by the size of 
the angular and the retroarticular process of the articular, 
the tympanum must have remained extremely large in 
comparison with modern mammals. Kermack and his col- 
leagues showed that the size relationship of the tympanum 
and the footplate of the stapes would have enabled them 







Figure 18-2. SKULL OF THE EARLIEST WELL KNOWN MAMMAL MORGANUCODON. (a) Dorsal, (b) palatal, and 
(c) lateral views, (d) Lateral view of the hraincase with zygomatic arch removed. Original 2 centimeters long. Alisphenoid in 
specimen is broken, so that it appears unnaturally narrow. From Kermack, Mussett, and Rigney, 1981. Abbreviations as in 
Figure 8-d. 
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Figure 18-3. SKULL OF A PRIMITIVE LIVING MAMMAL, THE MARSUPIAL DIDELPHIS. ( a ) Dorsal, (b) palatal, and 
(c) lateral views. (< d ) Lateral view of the skull with the zygomatic arch removed. Abbreviations as in Figure 8-3. 
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to function as an effective impedence-matching structure, 
but their great size and persistent association with the jaw 
apparatus would have made them much less responsive 
to sound than are the elements in modern mammals. 


LOWER JAW 

The lower jaw of morganucodontids appears typically 
mammalian in lateral view, with the large dentary forming 
a high coronoid process and a distinct condylar process 
for articulation with the skull (Figure 18-5). As in ad- 
vanced cynodonts, the lower margin of the dentary ends 
posteriorly in a rounded process, which has been com- 
pared with the angular process in therian mammals, de- 
spite its more anterior position relative to the condyle. 
The pattern in other early mammals, especially Dinneth- 
erium (see Figure 18-12), suggests that this structure is 
more primitive and may better be termed a pseudangular 
process. Between the pseudangular process and the con- 
dyle we can see the narrow reflected lamina of the angular 


Figure 18-4. MORGANUCODON. (a) Medial view of the skull as 
seen from a sagittal section, (b) Floor of the skull in dorsal view, (c) 
Dorsal view of the back of the braincase and area of jaw articulation. 
( d ) Ventral view of the area of the middle ear and jaw articulation. 
Abbreviations as in Figure 8-3. From Kermack, Mussett, and Rigne y, 
1981. 




Figure 18-5. LOWER JAW OF MORGANUCODON. (a) Medial and 
(b) lateral views. Abbreviations as in Figure 8-3. From Kermack, Mus- 
sett, and Rigney, 1973. 
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and the manubrium of the articular, which would have 
supported the very large tympanum. 

The medial surface shows that all the extradentary 
bones of the cynodonts are still retained, although their 
size is greatly reduced. The rodlike prearticular, angular, 
and surangular fit into a groove on the inside surface of 
the dentary. The coronoid is a flat, irregular plate of bone 
at the base of the coronoid process. The articulating sur- 
face of the articular is concave and faces almost directly 
posterior to surround the anteriorly facing base of the 
quadrate. 

The symphysis between the jaws is not strongly de- 
veloped and the two sides would have been able to move 
somewhat independently of one another. 


DENTITION 

The dentition is one of the most important features for 
understanding the evolution and classification of mam- 
mals. The shape of the teeth and their manner of occlusion 
is much more highly correlated with particular diets and 
ways of life among mammals than is the case in other 
vertebrates. Dental enamel is the hardest part of the skel- 
eton and so the most likely to be fossilized and recovered. 
The potential for evolution of different patterns of the 
teeth is so great that most mammalian species can be 
distinguished by the nature of the cusps of a single molar 
tooth. 

Functional and developmental constraints do limit 
the potential for different patterns, so that each major 
taxonomic group can be characterized by a limited range 
of tooth morphology that correlates extremely well with 
classification based on other characters. 

The establishment of a complex suite of dental char- 
acters is coincident with what is considered the origin of 
mammals. Many other features of the skeleton show more- 
or-less continuous change through the advanced mam- 
mal-like reptiles and early mammals. The establishment 
of a particular tooth morphology and pattern of occlusion 
correlate well with the time of the initial radiation that 
led to the divergence of the major groups of Mesozoic 
mammals. The changes in the dentition may also be cor- 
related with significant size reduction from the cynodont 
pattern, which suggests important differences in metab- 
olism and reproduction as well (Hopson, 1973). 

The mammalian dentition as exemplified by Mor- 
ganucodon show differentiation into incisors, canines, 
premolars, and molars. The specific number of teeth in 
each category is important in relationship to feeding hab- 
its and classification of mammals and is indicated by the 
tooth formula, which shows the number in both the upper 
and lower jaws. The tooth formula of Morganucodon is 
1 5/4 C 1/1 P 4/4 M 4/4 or 


5 14 4 

4 14 4 


The incisors, canines and premolars of primitive 
mammals are replaced only once, and the molars are not 
replaced at all. The cheek teeth have two roots and show 
a specific pattern of occlusion that is associated with a 
particular arrangement of the cusps. Some of these char- 
acters are encountered among both herbivorous and car- 
nivorous cynodonts, but no known cynodont exhibits all 
of them. Both tritylodonts and carnivorous cynodonts 
have reduced the amount of tooth replacement, but the 
molar teeth are replaced at least once. Tritylodonts have 
multiple-rooted cheek teeth but have lost the canines and 
anterior cheek teeth. Occlusion is achieved in gompho- 
donts and tritylodonts, but it results exclusively from 
movements of the lower jaw in the vertical plane, whereas 
occlusion in most early mammals includes a transverse 
component as well. 

The teeth of galesaurids and chiniquodontids have 
fewer mammalian features than those of tritylodonts, but 
they have no specialized features that are lacking in the 
early mammals. Although all cheek teeth are replaced 
more than once, teeth that are structurally similar to the 
premolars and molars are evident in both Thrinaxodon 
and Probainognathus. These teeth show wear, but the 
teeth of the lower jaw are completely medial to those in 
the upper jaw, and neither the shape nor the position of 
the upper and lower teeth are specifically related to one 
another. 

We can associate the absence of specific tooth occlu- 
sion in carnivorous cynodonts with the retention of the 
primitive pattern of continuous tooth replacement. As 
long as the teeth were repeatedly replaced and many were 
not fully functional at a particular time, there could not 
be strong selection for a precise pattern of occlusion. With 
only minor exceptions, mammals have eliminated replace- 
ment of the molar teeth no matter how long their life span 
may be, and the more anterior teeth are replaced only 
once. 

Crompton (1971, 1972, 1974) and his colleagues 
(Crompton and Jenkins, 1968; Crompton and Kielan- 
Jaworowska, 1978; Crompton and Hiiemae, 1970) have 
admirably traced the evolution of molar occlusion from 
advanced therapsids into therian mammals. In chiniquo- 
dontids, some individuals show wear between the lateral 
surface of the lower and the medial surface of the upper 
molars, but this wear was apparently not an important 
component of mastication. In contrast, Morganucodon 
shows a very specific pattern of wear that is highly cor- 
related with the structure of the teeth (Figure 18-6). In 
common with the galesaurids and chiniquodontids, the 
crowns are laterally compressed, with a series of apical 
cusps arranged anteroposteriorly. The principal cusps are 
consistent in their position and function. The cusps on 
the upper teeth are identified by capital letters and those 
of the lower teeth by lower case letters. The highest cusp, 
near the middle of the tooth’s length, is termed A (upper) 
and a (lower). A more anterior cusp is designed B and b. 
Cusps C, c and D, d are posterior to A and a. Galesaurids 
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and some chiniquodontids have a low ridge, or cingulum, 
along the internal or lingual (toward the tongue) margin 
of the molars. Morganucodon has added a lateral or buc- 
cal (toward the cheek) cingulum on the upper teeth. Small 
cusps are present on the cingula. 

The cusps are sharp and could be used for piercing 
prey as soon as the teeth erupt, but newly erupted teeth 
have only limited areas that can be used for shearing. 
More effective shearing surfaces develop during the life 
of the animal as a result of the specific wear pattern be- 
tween the upper and lower teeth. The medial surface of 
A (the principal cusp of the upper molar) wears against 
the lateral surface of the lower tooth between a and c. 
The lateral surface of a wears against the medial surface 
of the upper tooth between A and B. As wear proceeds, 
a zig-zag pattern of wear facets is produced, which max- 
imizes the shearing function of the tooth. This pattern 
can be most clearly seen in occlusal view (Figure 18-6c). 

The geometry of the wear facets indicates that the 
teeth in the lower jaw must have moved medially as well 
as dorsally during occlusion. The pattern of jaw move- 
ments in morganucodontids was probably very similar to 
that of some primitive modern mammals, specifically the 
opposum. Crompton and Hiiemae (1970) studied mas- 
tication in this animal as a guide to interpreting the pattern 





Figure 18-6. (a and b) Upper and lower molar teeth of Morganucodon 
in internal and occlusal views, (c) Occlusal views of two upper and three 
lower molars. The wear facets form two sides of “wide-angled” reversed 
triangles. The orientation of these wear facets is illustrated by the thick 
black lines. From Crompton and Jenkins, 1 968. Anterior to left. 


PRIMITIVE MESOZOIC MAMMALS AND MONOTREMES 


in early mammals. The jaws are only loosely attached at 
the symphysis, which allows the two sides to move some- 
what independently. One of the most significant features 
that they discovered is that occlusion occurs on only one 
side of the jaw at a time. As seen in anterior view, the 
occluding jaw moves first laterally and then medially and 
slightly anteriorly as the teeth come into contact. The teeth 
move directly ventrally as the jaw opens. Hence, the oc- 
cluding teeth trace a roughly triangular path as the jaw 
is opened and closed. The transverse movement of the 
teeth during occlusion and the independence of the two 
sides of the jaw are among the most important features 
that characterize early mammals and distinguish them 
from all cynodonts. 

POSTCRAN1AL SKELETON 

Jenkins and Parrington (1976) described the postcranial 
skeleton of morganucodonts on the basis of a nearly com- 
plete skeleton of Megazostrodon from the Upper Triassic 
or Lower Jurassic of southern Africa and well-preserved 
but disarticulated elements of Morganucodon [ Eozostro - 
don) (Figures 18-1 and 18-7). These early mammals were 
approximately 10 centimeters long to the base of the tail 
and may have weighed between 20 and 30 grams. 

The head appears large relative to the trunk, and the 
limbs are slender. Perhaps the most significant difference 
from all therapsids is in the structure of the vertebral 
column. There is a clear distinction between the thoracic 
and lumbar vertebrae. The latter lack ribs, as do those of 
modern mammals, and the zygapophyses are tilted at a 
35- to 45-degree angle to resist torsion, in contrast with 
the nearly flat zygapophyses in the thoracic region. The 
neural spines are low, but they show the initiation of the 
mammalian pattern in which those of the anterior ver- 
tebrae angle posteriorly, while the more posterior spines 
angle anteriorly. Three transitional, or anticlinal, verte- 
brae are evident in the posterior thoracic region. This 
pattern of the trunk vertebrae in mammals is associated 
with the elaboration of flexion-extension in the sagittal 
plane, in contrast with the lateral flexion that is possible 
in more primitive amniotes. The exact number of presa- 
cral vertebrae cannot be established, but there were prob- 
ably about 27. There are 2 or possibly 3 sacrals and 
approximately 12 caudals, which formed a long, but slen- 
der, tail. As in later mammals, the cervical vertebrae are 
characterized by the presence of a very large neural canal, 
which may be associated with the elaboration of a larger 
brachial nerve plexus than in reptiles. In contrast with 
more advanced mammals, the cervical ribs of Morganu- 
codon are not fused to the vertebrae. In later mammals, 
the fused bases of the cervical ribs surround the transverse 
foramen for the cervical artery. 

The atlas arches remain paired and have not fused 
with the intercentrum, but the proatlas and the zygapo- 
physeal articulations with the axis have been lost, thus 
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coracoid 



permitting free rotation as in modern mammals. The ver- 
tebral centra are essentially platycoelous but retain a trace 
of notochordal pits. 

The limbs and girdles resemble those of advanced 
cynodonts, especially Oligokyphus, and show few new, 
uniquely mammalian, features. However, there are some 
differences in detail. In the shoulder girdle, the procora- 
coid is still retained, although it is completely excluded 
from the glenoid (Figure 18-7<z). As in cynodonts and 
monotremes, the posterior coracoid is characterized by a 
strong, posteriorly directed process. As in advanced cy- 
nodonts, the scapula is still clearly more primitive than 
that of modern marsupials and placentals. In therian 
mammals, it is in the form of a broad plate of bone that 
is divided by the vertical scapular spine into the anterior 
supraspinus fossa and the posterior infraspinus fossa. These 
surfaces are occupied by the infraspinatus and supraspi- 
natus muscles, which stabilize the shoulder joint in mod- 
em mammals in which the glenoid is very open (Jenkins 
andWeijs, 1979). 

In advanced cynodonts, Triassic mammals, and mon- 
otremes, the supraspinatus muscle originates on the an- 
teromedial surface of the blade. The anterior edge of the 
scapular blade is homologous with the scapula spine m 



Figure 18-7. PECTORAL GIRDLE AND FORELIMB OF PRIMITIVE 
MAMMALS, (a) Pectoral girdle of Morganucodon. ( b ) Pectoral girdle 
of an echidna. ( c ) Pectoral girdle of an opossum showing the typical 
therian condition in which a strong spine separates the anterior su- 
praspinus fossa from the posterior infraspinus fossa. Left humerus of 
Morganucodon in (d) dorsal and ( e ) ventral views, (f and g) right radius 
and left ulna in anterior view. All limb elements x 6. ( c ) From Jenkins 
and Weijs, 1979, By permission of the Zoological Society of London. 
All others from Jenkins and Barrington, 1976. 


therian mammals. The area that in marsupials and pla- 
centals underlies the supraspinatus muscle evolved as a 
new area of ossification anterior to the primitive margin 
of the blade. The stem of the clavicle retains a similar 
articulation with the acromion throughout this transition. 

Jenkins and Parrington do not refer to a sternum, 
although its presence is implied in their restoration. Ster- 
nal elements have been described in tritylodonts and were 
presumably present in all early mammals. The clavicle 
and interclavicle are still large in early mammals, and the 
interclavicle is retained in living monotremes, although it 
is lost in therian mammals. 

Surprisingly, there is no evidence of separate epiphy- 
seal ossifications in Morganucodon. These are character- 
istic of all modern mammals and would be expected in 
the early forms, which already have well-defined joint 
surfaces and, by their small size, demonstrate closely reg- 
ulated growth. 

The humerus retains a generally primitive appear- 
ance, with widely expanded ends that are oriented at an 
angle of approximately 50 degrees to one another. The 
ectepicondylar foramen of cynodonts is lost, but a large 
entepicondylar foramen is retained. The hemispherical head 
is tilted strongly dorsally from the end of the shaft. 

In the pelvis, the obturator foramen is further en- 
larged and the pubis further reduced from the pattern in 
cynodonts (Figure 18-8). The acetabulum retains vestiges 
of the separate articulating surfaces formed by the pubis, 
ilium, and ischium, which become confluent in later mam- 
mals. The lower margin of the acetabulum is incomplete. 

Marsupial bones are not recognized, but since they 
occur in both tritylodonts and several groups of primitive 
mammals, they were probably present in Morganucodon. 
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Figure 18-8. PELVIC GIRDLE AND FEMUR OF PRIMITIVE MAM- 
MALS. (a) Pelvis of Morganucodon. ( b ) Pelvis of echidna, (c) Pelvis of 
the primitive placental Tupaia, a tree shrew. Left femur of Morganu- 
codon in (d) dorsal and (e) medial views, x 4. From Jenkins and Far- 
rington, 1976. 

The femur appears much more typically mammalian 
than does the humerus, with the nearly spherical head 
well distinguished from the long narrow shaft. A depres- 
sion near the center of the head indicates the presence of 
the ligamentum capitis femoris, which in modern mam- 
mals attaches the bone to the acetabulum. The greater 
and lesser trochanters extend medially and laterally from 
the proximal end of the shaft in the same plane as the 
distal articulating surface. 

The configuration of the joint surfaces of the lower 
limbs indicates a posture and mode of limb movement 
that were similar to that of primitive, living, noncursorial 
mammals, such as the marsupial Didelphis and the prim- 
itive placental Tupaia. The ankle joint retains a pattern 
that is little advanced from that of cynodonts, with the 
astragalus not yet fully dorsal to the calcaneum, as it is 
in modern mammals. 

Aside from the astragalus and calcaneum, the specific 
pattern of the carpals and tarsals can be traced only in- 
completely between cynodonts and mammals because of 


the small size of the elements and their tendency to become 
disarticulated. The number of centralia of the carpus is 
reduced from two to one. The fifth distal carpal has fused 
with the fourth within the therapsids, and a comparable 
change has occurred in the tarsus. 

Different names are applied to many of the elements 
in mammals. The radiale, intermedium, and ulnare of the 
reptilian wrist are termed the scaphoid, lunar, and cu- 
neiform in mammals. However, the centrale and pisiform 
retain their reptilian names. Distal carpals 1 to 4 are called 
the trapezium, trapezoid, magnum, and unciform. In the 
foot, the centrale is now termed the navicular, and the 
first three distal tarsals are named internal, middle, and 
external cuneiform (or entocuneiform, mesocuneiform, 
and ectocuneiform). The fourth distal tarsal is called the 
cuboid. 

The hallux (big toe) of morganucodontids may have 
been somewhat divergent. This feature and the presence 
of well-developed claws suggest an arboreal habit. As 
Jenkins and Parrington emphasized, the small size of early 
mammals would result in any environment appearing ex- 
tremely irregular and requiring much grasping, scram- 
bling, and climbing, so that the distinction between ter- 
restrial and arboreal habits would have little functional 
significance. 

The biology of 

PRIMITIVE MAMMALS 

Remains of Morganucodon and closely related gen- 
era have been described from Europe, China, Africa, 
and North America in beds of late Triassic and early 
Jurassic age. There are remains of thousands of individ- 
uals in the fissure fillings of Wales. 

Except for some specializations of the dentition, Mor- 
ganucodon appears to represent an almost ideal pattern 
for the origin of the skeletal features of all later mammals. 
Skeletal evidence may also be used to reconstruct the soft 
anatomy and physiology of primitive mammals. 

One of the most significant features of early mammals 
was their extremely small body size, which is equivalent 
to that of the smallest living mammals. It is reasonable 
to believe that the ancestors of mammals can be found 
among cynodonts such as the chiniquodontids or gale- 
saurids that reduced their body size, probably in rela- 
tionship to an insectivorous diet. Small size would have 
facilitated pursuit of tiny prey and probably involved life 
close to the ground and within the vegetation, where they 
would be relatively free from predation by the dinosaurs 
that were gaining dominance at that time. 

It is generally accepted that early mammals were 
probably nocturnal, which may have been but an exten- 
sion of life among rocks and in thick vegetation. This idea 
is based on the predominance of rods rather than cones 
in the eyes of primitive living mammals (Walls, 1942). 
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METABOLIC RATE 

The body proportions, size, and dentition of early mam- 
mals resemble those of modern insectivores, which sug- 
gests a broadly similar way of life and physiology. Their 
general similarity with primitive modern mammals sug- 
gests a comparable metabolic rate and body temperature. 
Crompton, Taylor, and Jagger (1978) argued that the 
body temperature of early mammals may have been lower 
than even the most primitive of living mammals, the mon- 
otremes, which have a temperature of only 30 to 32°C. 
Nevertheless, if they were endotherms and maintained a 
relatively constant body temperature, they would have 
had a fairly high metabolic rate simply because of their 
small size. 

HAIR 

There is an inverse relationship between body size and 
metabolic rate (as measured per gram of body weight) in 
all endotherms (Figure 18-9). The metabolic rate increases 
very rapidly in animals that weigh less than 100 grams 
largely because of rapid heat loss due to the increased 
surface-to-volume ratio. Small mammals are able to main- 
tain their body heat only because of effective insulation. 
If the morganucodontids were endotherms, as is implied 
by the specialization of the dentition and presence of a 
secondary palate, it is impossible to escape the conclusion 


that they must have evolved hair at an earlier stage in 
evolution when they were somewhat larger. Unfortu- 
nately, hair does not fossilize, and no one has recognized 
any skeletal features that are specifically and directly as- 
sociated with the presence of hair. One might expect hair 
to be visible in footprints, but no such evidence has been 
described from the Mesozoic. 

Hair is a uniquely mammalian tissue that is not di- 
rectly homologous with any derivative of the skin present 
in other amniotes. Although we think of hair primarily 
in terms of its importance in insulation, it also has a 
sensory function, as is most clearly shown by the vibrissae 
of carnivores and rodents. Maderson (1972) suggested 
that hair originated as short keratinous projections ex- 
tending from between the scales that were derived from 
structures resembling stretch receptors in modern lizards. 
Such extended sensory structures could warn the animal 
of sharp objects and tight places without risking damage 
to the surface of the body. These hairlike processes might 
logically develop all over the body, particularly in small 
animals living close to the ground. If these processes were 
to extend far beyond the scales, they would break up the 
flow of air over the surface and thus serve as insulation. 

The presence of hair implies the existence of seba- 
ceous and sweat glands to lubricate the hair and provide 
controlled heat loss. The embryological similarity of 
mammary glands and sweat glands suggests that the de- 
velopment of mammary glands may have followed closely 



Figure 18-9. OBSERVED RATES OF OXYGEN CONSUMPTION OF VARIOUS MAMMALS. The oxygen 
consumption per unit body mass increases rapidly with decreasing body size. Note that the abscissa is loga- 
rithmic while the ordinate has an arithmetic scale. From Scbmidt-Nielsen, 1 975. 
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the evolution of hair. The presence of mammary glands 
in monotremes, marsupials, and placentals suggests that 
they must have evolved in the common ancestors of these 
groups, possibly before the end of the Triassic. 

Hopson (1973) suggested that the evolution of mam- 
mary glands, in turn, may have been a requisite for the 
development of the precise pattern of tooth occlusion that 
is evident in the late Triassic mammals. In conventional 
reptiles, the young must be able to feed as soon as they 
are hatched and so must have a functional dentition at 
that time. Because of their small size at hatching, the teeth 
must be lost and replaced several times before adult size 
is reached. Since the teeth are repeatedly replaced and 
their relative position changes as the jaw increases in size, 
specific tooth occlusion cannot evolve. 

Among mammalian ancestors, feeding of the young 
on maternal milk would have allowed tooth eruption to 
be delayed until considerable growth had occurred. Growth 
would be far advanced by the time the single generation 
of molar teeth had erupted behind the adult premolars. 
Specific tooth occlusion would also have been facilitated 
by the development of the definitive mammalian jaw joint 
between the squamosal and dentary and the more solid 
attachment of the molar teeth afforded by multiple roots. 
These factors may have been particularly important in 
permitting controlled transverse movement of the jaws 
during occlusion. 


REPRODUCTION 

A high, internally maintained body temperature and the 
evolution of mammary glands in the late therapsids set 
the stage for the development of the primitive mammalian 
reproductive pattern. The early Mesozoic mammals prob- 
ably reproduced like living monotremes — hatching from 
eggs at a very immature, essentially embryonic level of 
development (Griffiths, 1978). It is somewhat surprising 
that primitive mammals should be born or hatched in a 
totally helpless condition. A major feature of reptiles, as 
opposed to amphibians, is their active, nearly adult con- 
dition at birth. Yet their successors, if we can judge on 
the basis of modern marsupials and monotremes, weighed 
less than a gram at birth and were blind and totally de- 
pendent on the adult for protection, warmth, and food. 

As Hopson (1973) pointed out, the immaturity of 
ancestral mammals at birth may be explained by the small 
size of the adults and the physiological constraints that 
were imposed by a high metabolic rate. A mouse or a 
shrew requires approximately 100 times as much food 
per unit of body weight as does an elephant. The food 
and oxygen requirements of a warm-blooded mammal 
weighing less than 2 or 3 grams would theoretically ap- 
proach infinity. This physiological limitation precludes 
the existence of mammals of smaller size, but some shrews 
closely approach this limit and we estimate that the late 


Mesozoic mammals were no larger than 20 to 30 grams. 
As adults, such small mammals must feed nearly con- 
stantly and can starve to death within only a few hours. 
It would be physiologically impossible for the young of 
such small mammals to maintain a high body temperature 
by their own metabolic activities. In fact, they do not. 
The young of small shrews and rodents are not endo- 
thermic but ectothermic. They are completely dependent 
on their parents to maintain a high body temperature. 
Their nakedness allows them to absorb heat more effec- 
tively. The nest, as well as the parents, provide insulation. 
Approximately 90 percent of the food consumed by small 
mammals is normally used to maintain a high body tem- 
perature. By relieving the young of the need to maintain 
their own body temperature, nearly all of what they are 
fed can go to growth and development. 


BRAIN SIZE 


The braincase of the Lower Jurassic mammal Morganu- 
codon appears to be three to four times as large as that 
expected for therapsids of equivalent size (Crompton and 
Jenkins, 1979). This is a very substantial change and ap- 
proaches the brain size of primitive Cenozoic mammals. 

The increase in brain size between the advanced ther- 
apsids and the earliest mammals may be attributed to 
several factors. In the night or in dark tunnels and pas- 
sageways, the early mammals would have needed ex- 
tremely acute vision and would have placed more reliance 
on other sensory systems. The senses of smell, hearing, 
and touch were all augmented in late cynodonts. The 
distinctly larger size of the cochlea in early mammals sug- 
gests that they probably had greater acuity of hearing and 
a larger frequency response than the late cynodonts. The 
sense of smell, which is very important to most primitive 
mammals, was probably already well developed in the 
early cynodonts, if we are to judge by their large and 
complex nasal cavities. The presence of hair, which almost 
certainly evolved prior to the appearance of true mammals 
in the late Triassic, would have provided a wealth ol 
tactile stimuli from the entire body surface. 

The greater range of movements at the joint surfaces 
of the limbs and girdles in early mammals, in contrast 
with primitive reptiles, must have developed together with 
a more complex feedback system from the sensory recep- 
tors in the muscles, which led to the elaboration of in- 
tegrative centers in the cerebellum. 

The very small size of the Triassic mammals required 
a very high metabolic rate to compensate for rapid heat 
loss. In turn, the high metabolic rate necessitated very 
efficient feeding behavior, based on better integration of 
sensory input and motor function than was common in 
the mammal’s reptilian predecessors. This improved in- 
tegration led to further elaboration of the higher brain 
centers. 
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The diversity of 

PRIMITIVE MAMMALS 
OTHER RHAETO-LIASSIC MAMMALS 

In addition to Morganucodon, a number of less well- 
known mammals have been described from the late Trias- 
sic and early Jurassic of southern Africa, Europe, China, 
western North America, and India. The specific age and 
precise correlation of these deposits are difficult to estab- 
lish and they are often referred to as Rhaeto-Liassic, a 
term that combines the names of the latest geological stage 
of the Triassic with the earliest stage in the Jurassic. 

Sinoconodon from Yunnan, China, appears to be a 
relict of an earlier stage in the evolution of mammals. It 
is larger than other early genera, with a skull more than 
5 centimeters long (Figure 18-10). Sinoconodon appears 
to be more derived than Morganucodon in the size and 
depth of the glenoid fossa and the degree of reduction of 
the postdentary bones. The jaw articulation resembles 
that of carnivorous cynodonts in being well below the 
level of the tooth row, in contrast with the more dorsal 
position in Morganucodon. The cheek teeth resemble those 
of Morganucodon in being laterally compressed and bear- 
ing a linear series of cusps, but they show no evidence of 
precise occlusion. This condition is clearly primitive and 
can be associated with the solid attachment of the jaws 
at the symphysis, which would not permit the two sides 
to move independently or to undergo rotation along the 
long axis. The pattern of tooth replacement is also prim- 
itive. The anterior cheek teeth are lost without being re- 
placed. This phenomenon sometimes occurs in Morgan- 
ucodon, but no skull of Sinoconodon retains anterior cheek 
teeth. A comparable situation occurs in advanced herbiv- 
orous cynodonts. 

On the basis of these features, it is difficult to include 
Sinoconodon among the mammals. However, the struc- 



Figure 18-10. SKULL OF SINOCODON FROM THE LIASS1C OF 
CHINA. Original 5 centimeters long. The gap between the canines and 
the cheek teeth results from the nonreplacement of the anterior teeth. 
This genus is primitive in lacking precise tooth occlusion. Abbreviations 
as in Figure 8-3. From Crompton and Sun, 1 985. With permission from 
the Zoological Journal of the Linnean Society. Copyright 1985 by the 
Linnean Society of London. 



Figure 18-11. TOOTH OCCLUSION IN MESOZOIC MAMMALS. 
(a) Morganucodon. ( b ) Megazostrodon . (c) Kuehneotherium. Front 
Crompton, 1974. Redrawn with permission by the Trustees of the Brit- 
ish Museum (Natural History). Anterior is to the left. 

ture of the petrosal resembles that of Morganucodon in 
its extension beneath the area of the semilunar ganglion, 
and the anterior lamina surrounds the mandibular and 
maxillary branches of the trigeminal nerve. Crompton and 
Sun (1985) classify Sinoconodon among the mammals but 
suggest that it diverged at the very base of the assemblage, 
at a more primitive level than the morganucodontids. 

The genus Megazostrodon from southern Africa is 
very similar to Morganucodon in the structure of the post- 
cranial skeleton, but the teeth occlude in a slightly dif- 
ferent manner (Figure 18-11). The upper and lower teeth 
alternate with one another, with cusp A occluding behind 
c, while a occludes in front of B. The difference from the 
pattern in Morganucodon is not great, but it is compa- 
rable with the initial changes that separate major groups 
of later Mesozoic mammals (Crompton, 1974; Gow, 1986). 

Dinnetherium, from the western United States, also 
differs in its occlusal pattern, with a wearing between B 
and A, and A wearing against the external face of c. A 
more important distinction is the extensive transverse 
component in the movement of the teeth, which is ap- 
parently produced by a significant degree of jaw rotation 
along its long axis during occlusion. The degree of ro- 
tation may be related to the elaboration of a true angular 
process that is lateral and ventral to the extradentary 
bones, in addition to a more anterior pseudangular pro- 
cess (Figure 18-12). 

Morganucodon, Sinoconodon, Megazostrodon, and 
Dinnetherium retain the basic tooth structure of their 
cynodont ancestors, in which the cusps are arranged in a 
strictly linear fashion. A significantly different pattern oc- 
curs in Kuehneotherium, in which the main cusps are 
arranged in the pattern of an obtuse-angle triangle. The 
central cusp of the upper tooth is situated lingually (to- 
ward the tongue) and that of the lower tooth faces buc- 
cally or labially (toward the cheek). In contrast with Mor- 
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Figure 18-12. LOWER JAW OF DINNE.THERIUM. This primitive 
mammal from the Lower Jurassic of Western North America shows the 
beginning of a true angular process. From Jenkins, 1984. 


ganucodon, the principal cusp of the lower tooth fits 
between the teeth in the upper jaw (Figure 18-llc). In 
occlusal view, the upper and lower teeth form a series of 
reversed triangles, which is the basis for the pattern of 
occlusion in both marsupials and placentals. The initia- 
tion of this pattern would require but a slight shift in the 
relative position of the upper and lower teeth from a 
pattern like that of Megazostrodon. In Megazostrodon 
and Morganucodon, a triangular pattern of occlusal sur- 
faces is produced by wear of the teeth after they erupt. 
In Kuehneotherium, the triangular pattern of occlusion is 
established genetically by the triangular arrangement of 
the cusps and is further accentuated by wear. 

The lower jaw of Kuehneotherium retains a groove 
for the extradentary bones like that of Morganucodon, 
which indicates that it had a similar double-jaw articu- 
lation. We know Kuehneotherium only from isolated teeth 
and jaw fragments from the same fissure fillings in Wales 
from which Morganucodon came. The apparent absence 
of other remains of Kuehneotherium suggests that the 
remainder of the skeleton may have been so similar to 
that of the much more common genus that they cannot 
be differentiated. 

The relationships of Kuehneotherium and other ther- 
ian mammals will be discussed in the next chapter. 

We see an even more divergent cusp pattern in the 
haramiyids (Figure 18-13). This group is only known by 
isolated teeth from a variety of deposits in Europe. They 
have two or more roots, like those of both tritylodonts 
and early mammals. The crowns are broad, with multiple 
cusps arranged around the margin. In some teeth, the 
cusps are arranged in two anteroposteriorly oriented rows, 
which suggests a similar function to that of the tritylo- 


Figure 18-13. CHEEK TOOTH OF HARAMIYA. Lateral and occlusal 
views, x 10. From Clemens, 7980. 
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donts. Wear would have been produced primarily by 
movements of the jaw in the vertical plane. 

Hahn (1973) and Clemens (1980) discussed the anat- 
omy and taxonomic position of these teeth. With no 
knowledge of the remainder of the skeleton, there is no 
solid evidence that haramiyids are mammals and not sep- 
arate cynodont derivates. Their possible affinities with 
later Mesozoic multituberculates has led to their inclusion 
within the Mammalia. 

Teeth of haramiyids, morganucodontids, and rela- 
tives of Kuehneotherium are all known as early as the 
base of the Rhaetic, approximately 225 million years ago, 
from the locality of Saint-Nicolas-de-Port near Nancy, 
France (Sigogneau-Russell, 1983). A single tooth of Kueh- 
neotherium has been reported from the Norian of Great 
Britain (Fraser, Walkden, and Stewart, 1985). 

The Upper Triassic and Lower Jurassic provide an 
exceptionally rich record of early mammals. For the re- 
mainder of the Mesozoic, a period of more than 100 
million years, most remains are limited to little more than 
jaws and teeth. During this period the skeletal and phys- 
iological characters that distinguish marsupial and pla- 
cental mammals evolved. In addition to the ancestors of 
the modern therian mammals, we know a variety of non- 
therian mammals from the Jurassic and Cretaceous. Most 
were small, insectivorous forms, but they also include the 
herbivorous multituberculates and carnivorous amphiles- 
tids that reached the size of the modern opossum. The 
fossil record of Mesozoic mammals is reviewed in detail 
in the book Mesozoic Mammals. The First Two-Thirds 
of Mammalian History, which was edited by Lillegraven, 
Kielan-Jaworowska, and Clemens (1979). 

The record of fossils from the Rhaeto-Liassic covers 
approximately 15 million years. In contrast, there is no 
record of fossil mammals for the following 20 to 30 mil- 
lion years, until the Middle Jurassic (Bathonian) (Figure 
18-14). 

We know Middle Jurassic mammals from several lo- 
calities in Great Britain and one in China. These remains 
include isolated teeth of morganucodontids and possible 
haramiyids. In addition, nearly complete jaws are known 
that represent the first appearance of at least four other 
lineages that diversified during the later Mesozoic (Free- 
man, 1979). 

DOCODONTS 

The docodonts are the shortest-lived and least diverse of 
all groups of Mesozoic mammals. They are known only 
from the Middle and Upper Jurassic and include only four 
genera from North America and Europe. Their specific 
ancestry has not been recognized and they apparently had 
no descendants (Kron, 1979; Krusat, 1980). 

The pattern of the molar teeth clearly distinguishes 
docodonts from all other Mesozoic mammals (Figure 18- 
15). The lower molars are rectangular, with a row of high 






Figure 18-14. PHYLOGENY OF MESOZOIC MAMMALS. Note that there are very long gaps in the fossil 
record. Data from Crompton and Jenkins, 1979, modified to include subsequent discoveries. 



Figure 18-15. ( a ) Medial view of the lower jaw of Docodon, x 2.5. From Kron, 1979. By permission of the 

University of California Press. ( b ) Upper and (c) lower teeth of Docodon. From Jenkins, 1969. 
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buccal cusps and somewhat lower lingual cusps that prob- 
ably evolved by elaboration of the lingual cingulum of 
more primitive mammals. The principal lateral cusp is 
joined to the lingual row by a transverse ridge. The upper 
molars are much more expanded transversely, with a widely 
extended medial portion that is distinguished from the 
more lateral surface by a waisted midsection. Wear 
produced a complex pattern of shearing surfaces. In older 
individuals, the cusps became blunt and they would have 
served to crush and grind the food. 

If we judge from their jaws, docodonts were the size 
of small mice and had elongated snouts. The number of 
cheek teeth appears to increase over time, with Upper 
Jurassic species having as many as four premolars and 
eight molars. The jaws are grooved medially for the at- 
tachment of extradentary bones, which indicates that they 
still retained a reptilian jaw joint. An extension from the 
lower margin of the dentary is in the position of the pseu- 
dangular process of Dinnetberium. The middle Jurassic 
docodont Borealestes and the late Jurassic Haldanodon 
are known from considerable postcranial material that 
has not yet been described. (Kermack et al., 1987). 

AMPHILESTIDS 

Amphilestids retained the cusp pattern of the morganu- 
codontids, with a single row of linearly arranged cusps. 
The occlusal pattern more specifically resembles that of 
Megazostrodon and Dinnetberium, in which the upper 
and lower teeth more nearly alternate in position. Am- 
philestids are represented in the Middle Jurassic by the 
genera Amphilestes and Phascolotherium. Amphilestes has 
a tooth count of 

? ? ? ? 

3-4 14 5 

They have neither an angular nor a pseudangular process 
(Figure 18-16). 

Amphilestids also occur in the late Jurassic and early 
Cretaceous. Much of the skeleton is known of Gobtcon- 
odon from the early Cretaceous of the Mongolian People’s 
Republic and the western United States (Jenkins, 1984). 



Figure 18-16. LOWER JAW OF THF. AMPHILESTID PHASCOL- 
OTHERIUM. From Jenkins and Crompton, 1979. By permission of the 
University of California Press. 


The body was 35 centimeters long (excluding the tail) and 
more heavily built than the living opossum. An important 
difference from other primitive mammals is the devel- 
opment of a typically therian supraspinous fossa of the 
scapula (Jenkins and Crompton, 1979). The alisphenoid 
is relatively larger than in Morganucodon and approaches 
the therian condition. Freeman (1979) suggested that the 
amphilestids be placed within the therian order Symme- 
trodonta. 

Surprisingly, Gobiconodon shows replacement of the 
molar teeth (Jenkins, 1984), which may be related to the 
large size and presumably longer life span of this genus. 
One of the reasons that tooth replacement was limited in 
the earliest mammals may have been because they were 
so small and, short-lived that there was not time for sev- 
eral generations of teeth to erupt. 

Other groups of mammals that appear first in the 
Middle Jurassic are clearly related to the ancestry of mar- 
supials and placentals. They will be discussed in the next 
chapter. 

TRICONODONTIDS 

Another long hiatus in the fossil record, which lasted 
approximately 25 million years, separates the Middle and 
Upper Jurassic faunas. Among the animals first known in 
the Upper Jurassic are the triconodontids, which extend 
into the Upper Cretaceous. Their closest affinities appear 
to lie with Morganucodon. This relationship is based pri- 
marily on dental similarities, since little of the remainder 
of the skeleton of triconodontids has been described. 

The fact that the principal cusps of triconodontids 
are arranged in a linear pattern is certainly primitive. The 
particular pattern of occlusion shared by triconodontids 
and morganucodontids, in which the upper and lower 
teeth are aligned more or less one to one, may be primitive 
or derived relative to that exemplified by Megazostrodon 
in which the upper and lower molars are opposed more 
or less two to one. The teeth of triconodontids are defi- 
nitely specialized in having the major cusps of nearly uni- 
form height, which gives the teeth the appearance of a 
saw blade (Figure 18-17). 

A partial braincase described by Kermack (1963) 
demonstrates the presence of an uncoiled cochlea, as in 
early Jurassic mammals, and the cavum epiptericum is 
still open anteriorly. Newly discovered skeletal remains 
from the Lower Cretaceous being studied by Jenkins (1984) 
show the possible association of a scapula with a su- 
praspinous fossa, as in the amphilestids and therian 
mammals. 

The only triconodontid in which the tooth count is 
known has a dental formula of 

2 14 5 

114 5 

No clearly defined angular process is present. 
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Figure 18-17. LOWER JAW OF THE TR1CONODONT TRICON- 
ODON. From Jenkins and Crompton, 1979. By permission of the Uni- 
versity of California Press. 


MULTITUBERCULATES 


The most diverse and numerous of Mesozoic mammals, 
and the only group that were omnivorous rather than 
insectivorous or carnivorous, were the multituberculates 
(see Figure 18-21). They are first known with certainty 
in the Upper Jurassic but have long been thought to show 
affinities with the haramiyids, which are recognized as 
early as the late Triassic. 

Multituberculates range in size from the dimensions 
of a small mouse to those of a woodchuck. The skull has 
a superficially rodentlike appearance, which results from 
the presence of a single pair of long, procumbent, lower 
incisors followed by a diastema due to the loss of the 
canines. There may be one to three pairs of upper incisors, 
and the upper canine may be retained in primitive genera. 
In most multituberculates, the anterior lower premolars 
are specialized as laterally compressed shearing blades 
that bear a series of vertical ridges. The molar teeth have 
two or three rows of linearly arranged cusps that may 
have been used to crush or grind food (Figure 18-18). 

Tooth wear indicates that jaw motion was entirely 
in a sagittal plane, with no trace of the transverse com- 
ponent that was common to the most primitive mammals. 
In most genera, the glenoid was open anteriorly, which 
permitted propalinal movement of the lower jaw. Krause 
(1982) demonstrated that the power stroke involved re- 
traction of the mandible during closure (a broad analogy 
may be drawn with mastication in dicynodonts, which 
were discussed in the previous chapter). The symphysis is 
not solidly fused, which indicates the possibility of uni- 
lateral movement of the jaw rami. There is no angular 
process. 

Like modern rodents, multituberculates may have been 
largely herbivorous, but the shearing lower premolars show 
a pattern that is particularly close to that of modern om- 
nivorous marsupials, as Clemens and Kielan-Jaworowska 
(1979) pointed out. 

The skull of multituberculates is low and broad. The 
frontal overhangs the orbit. The eyes faced primarily lat- 
erally, in contrast with their more anterior orientation in 
early therian mammals. The jugal is missing, and the zyg- 




Erhmoid Sphenopalatine 

foramen foramen 



(d) 


Posttemporal 

fossa 



Figure 18-18. (a) Dorsal, ( b ) palatal, ( c ) lateral, and (d) occipital views 

of the skull of the late Cretaceous multituberculate Kamptobaatar from 
Mongolia, x 3. (Occiput is drawn slightly smaller). Abbreviations as in 
Figure 8-3. From Kielan-Jaworowska, 1971. 
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omatic arch is formed entirely by the squamosal and a 
long posterior process from the maxilla. 

The braincase of Upper Cretaceous multi tuberculates 
described by Kielan-Jaworowska (1971) resembles those 
of Morganucodon and triconodontids in having a rela- 
tively small alisphenoid but a large ascending lamina of 
the petrosal (Figure 18-19). The squamosal does not con- 
tribute substantially to the wall of the braincase. The 
occiput is primitive in the retention of a posttemporal 
fossa. As in primitive mammals, the cochlea is uncoiled. 
Desui and Lillegraven (1986) have described the incor- 
poration of the malleus and incus into the middle ear of 
a Paleocene multituberculate. The cranial vascular system 
is described by Kielan-Jaworowska, Presley, and Poplin 
(1986). 

The most primitive of the multituberculates are in- 
cluded in the family Paulchoffatiidae (suborder Plagiau- 
lacoidea) from the Upper Jurassic (Hahn 1969, 1977) 
(Figure 18-20). They retain three upper incisors, a possible 
upper canine, five upper premolars, and two upper mo- 
lars. Three lower premolars and three lower molars are 
recognized, although the specific homologies of the molar 
and premolar teeth of multituberculates have not been 
satisfactorily established. The lower premolars have not 
yet developed the shearing function that was common to 
later members of the group, and like the haramiyids, at 
least one lower molar has a central basin rather than a 
linear pattern of cusps. 

In the Cretaceous, the plagiaulacoids are succeeded 
by the Ptilodontoidea (a primarily North American group) 
and the predominantly Asian Taeniolabidoidea. Both 

( a ) Orbital fissure 




Figure 18-19. (a) Lateral view of the braincase of Kamptobaatar. ( b ) 

Lateral view of the braincase of Ornithorhyncbus. Abbreviations as in 
Figure 8-3. From Kielan-Jaworowska, 1971. 



Figure 18-20. PRIMITIVE PLAG1AULACOID MULTITUBERCU- 
LATES. (a and b) Kuebneodon palate and lateral view of cheek teeth, 
x 4. (c) Lower jaw of Paulchoffatia, x 2.5. From Clemens and Kielan- 
Jaworowska, 1 979. By permission of the University of California Press. 

groups continued to radiate into the early Tertiary. The 
taeniolabidoids are the most rodentlike in the develop- 
ment of continuously growing incisors in which the enamel 
is limited to the anterior margin. As the teeth wear, the 
enamel forms a self-sharpening edge. In some genera, the 
bladelike lower premolars are lost. The tooth formula may 
be reduced to as little as 

2 0 12 
10 0 3 

Although the teeth of multituberculates are common 
and varied in size and configuration, skeletal remains are 
rare. Several articulated specimens have been reported 
from Asia but have not yet been fully described. Krause 
and Jenkins (1983) reviewed the postcranial anatomy of 
all the North American multituberculates. They found 
that adequately known elements of the skeleton are very 
similar throughout the suborders Ptilodontoidea andTae- 
niolabidoides from the late Cretaceous into the early Ter- 
tiary. A specimen of Ptilodus from the late Paleocene of 
Saskatchewan provides evidence of much of the skeleton. 
This genus shows strong evidence of arboreal adaptation. 
Comparison with living mammals that are known to be 
specifically adapted to life in trees demonstrates that the 
tail of Ptilodus is specialized as a prehensile organ. The 
joints of the tarsus and pes are modified to permit the 
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foot to be reversed in the manner of squirrels, which 
allows them to descend the trunk of a tree headfirst (Figure 
18-21). 

The scapula is primitive in lacking the supraspinous 
fossa that characterizes therian mammals, but the glenoid 
is advanced in being widely open ventrally. The aceta- 
bulum is shallow and open dorsally, which would have 
contributed to the extensive range of limb movements that 
are necessary in an arboreal mammal. The area for artic- 
ulation of the tibia extends primarily along the posterior 
aspect of the femoral condyles, which indicates that the 
rear limb was held in a crouched position, as in other 
primitive mammals. 

An extra bone, the parafibula, is associated with the 
knee joint. This element is also present in monotremes, 
where it is fused to the fibula, and in a few therian mam- 
mals. Its function has not been fully investigated in living 
genera. 



Figure 18-21. A MULT1TUBERCULATE SKELETON. Reconstruc- 
tion is based principally on a specimen of Ptilodus. From Krause and 
Jenkins, 1983. 


Kielan-Jaworowska (1969) described a pelvis with 
epipubic (marsupial) bones in a specimen from the Upper 
Cretaceous of Mongolia. She suggested that the very nar- 
row space between the halves of the pelvis might indicate 
that they gave birth to very small, but live, young, as in 
the case of marsupials. 

The evolutionary pattern of the multituberculates is 
unique among mammals in several respects. They are the 
longest living order. Even if we exclude the haramiyids, 
they extend from the Upper Jurassic into the Oligocene, 
a period of over 100 million years (Krishtalka, Emry, 
Storer, and Sutton, 1982). They are the most diverse of 
the primarily Mesozoic mammalian orders, with 11 fam- 
ilies and nearly 50 genera, and the only one to survive 
into the Tertiary. They were also the first group of mam- 
malian herbivores to gain dominance. Clemens and Kie- 
lan-Jaworowska (1979) attribute the great success of the 
multituberculates in the late Mesozoic and early Cenozoic 
to the radiation of angiosperms, which may have provided 
a new food source that they were uniquely adapted to 
utilize. 

Several multituberculate genera became extinct at the 
end of the Cretaceous, but the remaining lineages contin- 
ued to differentiate and the order apparently reached its 
greatest diversity in the Paleocene. Their subsequent de- 
cline and extinction has been attributed to competitive 
inferiority relative to a series of herbivorous placentals, 
first the condylarths, later the primates, and finally the 
rodents (Hopson, 1967; Van Valen and Sloan, 1966; 
Krause, 1986). Krause and Jenkins argued that they had 
no skeletal features that were obviously inferior to the 
pattern in contemporary placental mammals. They might 
have been inferior in one or more aspects of their phys- 
iology or behavior, but these characters cannot be judged 
directly from the fossil record. 

Because of their considerable diversity, distinct anat- 
omy, and long period of independent evolution, the mul- 
tituberculates have been placed in a separate subclass, the 
Allotheria. 

Interrelationships of 

MESOZOIC MAMMALS 

Kuebneotberium and other early therian mammals 

(which will be discussed in the next chapter) can be 
recognized as a monophyletic assemblage on the basis of 
shared derived features of the dentition. It is much more 
difficult to establish interrelationships among the remain- 
ing, nontherian mammals of the Mesozoic. It has been 
thought that they represent a distinct group that was char- 
acterized by a more primitive level of evolution. The entire 
assemblage was placed within the subclass Prototheria, 
which also includes the monotremes. However, it is pres- 
ently impossible to establish that this is a natural group. 
Most of the features that the included families share may 
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be primitive for all mammals, rather than being derived 
relative to those of the ancestors of the therians. 

Morganucodontids, amphilestids, and triconodon- 
tids have been united in the order Triconodonta on the 
basis of having the major cusps of the molar teeth ar- 
ranged in a linear sequence (Jenkins and Crompton, 1979). 
This pattern is surely primitive (plesiomorphic) for all 
mammalian lineages, since it is basically similar to the 
pattern of carnivorous cynodonts and is also shared by 
Dinnetherium and probably by the immediate ancestors 
of the therian mammals. Presley (1981) and Kemp (1983) 
argued that the pattern of the braincase that is common 
to morganucodontids, multituberculates, and triconodon- 
tids is probably also primitive for all mammals. 

We can define the families Triconodontidae, Am- 
philestidae, and Dinnetheriidae on the basis of apomor- 
phies, but we may not be able to do so for the Morgan- 
ucodontidae. The Morganucodontidae may occupy a 
position among early mammals that is comparable to that 
of the Protorothyridae among early amniotes. Animals 
with the basic morphology of Morganucodon and Meg- 
azostrodon may have given rise to all mammals, with the 
probable exception of Sinocondon and the haramiyids. 

The early appearance and very distinct morphology 
of the haramiyid teeth suggest that they are phylogenet- 
ically distinct from all other mammals. Clemens and Kie- 
lan-Jaworowska (1979) pointed out that these teeth are 
very much smaller than those of the contemporary tri- 
tylodonts, which suggests that they may have been more 
similar to the other tiny mammals in their physiology. If 
haramiyids are related to the multituberculates, the many 
derived features of the skeleton that the latter shares with 
morganucodonts would support a common origin at the 
mammalian level. If multituberculates are not closely re- 
lated to the haramiyids, they may have evolved from among 
the late Triassic or early Jurassic morganucodontids, but 
there is no evidence of specific affinities. Docodonts may 
have evolved independently from a similar level. 


MONOTREMES 

Among living mammals, the monotreme genera Or- 
nithorhynchus, Tachyglossus, and Zaglossus are 
unique in the primitive features of their reproductive sys- 
tem. They alone lay eggs and have an essentially reptilian 
configuration of the reproductive tracts. They retain a 
cloaca, rather than separating the aperture of the digestive 
system and the urogenital opening, and the male lacks a 
scrotum. 

In contrast, most other features of their soft anatomy 
and physiology support the inclusion of the platypus and 
echidnas within the Mammalia. They have hair, suckle 
their young, and maintain a relatively constant body tem- 
perature by metabolic means that is well above that of 


the environment. The basically mammalian pattern of a 
wide range of physiological processes that Griffiths (1968, 
1978) discussed supports the assumption that the mon- 
otremes share a much closer common ancestry with the 
marsupials and placentals than they do with any reptilian 
group. 

However, the phylogenetic position of monotremes 
remains subject to debate. The skull of the platypus and 
echidnas are highly specialized in a manner divergent from 
those of all other groups of mammals, fossil or living. 
The snout is drawn out as a long tubular structure in the 
echidnas and appears as a long flattened beak in the pla- 
typus. The echidnas have no trace of teeth; the platypus 
develops two pairs of upper teeth and three pairs of 
lower molariform teeth, but these are shed before matur- 
ity and are functionally replaced by a leathery beak (Figure 
18-22). 



Figure 18-22. MONOTREMES. (a) Skull of the duck-billed platypus. 
From Gregory , 1951. ( b ) Molar teeth of the platypus. These are not 
functional but are replaced by a leathery beak in the adult. From Hopson 
and Crompton , 1969. ( c ) Teeth of the Miocene monotreme Obdurodon. 
From Clemens, 1979. By permission of the University of California 
Press. 
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The postcrania] skeleton, specifically the shoulder 
girdle, retains the pattern of advanced cynodonts and the 
most primitive Mesozoic mammals. Both coracoids are 
retained, and the interclavicle, which is lost in therian 
mammals, is still a large element. The anterior margin of 
the scapula is formed by the spine, with no elaboration 
of a supraspinous fossa. As in cynodonts, the forelimbs 
have a primitive structure and sprawling posture, but this 
may be exaggerated in relationship to their specializations 
for burrowing. The cervical ribs have not fused to the 
vertebrae. These primitive features of the skeleton have 
been used to suggest that monotremes diverged from the 
remainder of mammals before the end of the Triassic. 

The fossil record of monotremes provides little help 
in establishing their specific affinities. Remains from the 
Miocene include molar teeth, a partial lower jaw, and an 
ilium (Archer, Plane, and Pledge, 1978). The teeth differ 
from those of the modern platypus in having two strong 
transverse ridges but are not readily compared with those 
of any other mammals (Figure 18-23). Equally distinctive 
teeth have evolved separately among many groups of Ter- 
tiary mammals. 

Archer, Flannery, Ritchie, and Molnar (1985) have 
described a lower jaw from the Lower Cretaceous of Aus- 
tralia as a possible monotreme. There is a strongly trans- 
verse component to the arrangement of the cusps, but the 
pattern could be derived from that of primitive tribos- 
phenic molars, suggesting that monotremes may be much 
more closely related to therian mammals than had been 
previously thought. The phylogenetic significance of this 
specimen is further discussed by Kielan-Jaworowska, 
Crompton, and Jenkins (1987). 

Kcrmack and Kielan-Jaworowska (1971) and Kielan- 
Jaworowska (1971) argued that the structure of the brain- 
case of monotremes is fundamentally similar to that of 
multituberculates and other nontherian Mesozoic mam- 
mals in the great extent of the anterior lamella of the 
petrosal and the relatively limited extent of the alisphen- 
oid when compared with therian mammals. 

There are two problems with this line of reasoning. 
Since Morganucodoti has a large petrosal and relatively 
small alisphenoid, one can argue that this condition is 
primitive for mammals and thus of limited significance in 
establishing relationships between any particular groups 
of mammals. Presley (1981) provided evidence from de- 
velopmental studies that the composition of the wall of 
the braincase is not fundamentally different in therian and 
nontherian mammals and that the condition seen in mon- 
otremes may have evolved from the same pattern as that 
of the ancestors of marsupials and placentals. 

Kemp (1982, 1983) suggested that monotremes shared 
a common ancestry with the therian mammals as late as 
the Upper Jurassic. He argues that the incorporation of 
the quadrate and articular into the middle ear as the incus 
and malleus and the final loss of the reptilian jaw artic- 
ulation occurred only once in the common ancestor of 
marsupials, placentals, and monotremes. Support of this 
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Figure 18-23. EXTERNAL AUDITORY MEATUS AND JAW DE- 
PRESSOR MUSCLES. Relationship between them in monotreme and 
therian mammals is shown, (a) Ornithorhynchus. The external auditory 
meatus lies below the detrahens mandibulae. ( b ) Didelphis, the auditory 
meatus lies above the digastic. From Hopson, 1966. 


hypothesis requires the demonstration that all the prim- 
itive features of the skeleton of monotremes were still 
retained in the ancestors of placentals and marsupials in 
the late Jurassic. Such evidence seems unlikely on the basis 
of Henkel and Krebs’ (1977) preliminary description of 
the complete skeleton of an Upper Jurassic therian mam- 
mal. 

Multituberculates almost certainly lost the reptilian 
jaw articulation independently, as shown by the incor- 
poration of the malleus and incus into the middle ear in 
a Paleocene species. Unfortunately, there is no evidence 
before the end of the Cretaceous to establish when this 
occurred in marsupials or placentals. There is indirect 
evidence from the nonhomologous nature of the jaw de- 
pressors in monotremes and therian mammals that struc- 
tures closely associated with the middle ear evolved sep- 
arately in these groups (Hopson, 1966) (Figure 18-23). 

The anatomy of the postcranial skeleton of living 
monotremes still suggests that their ancestors diverged 
from the remainder of the Mammalia at a comparatively 
early stage, probably at a level little advanced from the 
Rhaeto-Liassic morganucodontids. There is no strong evi- 
dence that they share a close common ancestry with any 
of the later groups of therian or nontherian mammals. 
Their ancestors may have become isolated in the Austra- 
lian region by the early Jurassic. There is no record of 
any other fossil mammals there until the late Oligocene, 
but there is also no evidence in any other part of the world 
of fossil monotremes or their plausible ancestors since the 
early Jurassic. 



Summary 

The earliest mammals are recognized in the Upper 

Triassic and Lower Jurassic. They are distinguished 
from advanced therapsids by their smaller body size (as 
little as 20 grams), the relatively larger size of the cranial 
cavity, and the nature of the dentition. The incisors, ca- 
nines, and premolars were replaced only once, and there 
is only a single generation of molar teeth. In most groups, 
there is a specific pattern of tooth occlusion in which the 
lower jaw moves medially as well as dorsally. Occlusion 
occurs on only one side of the skull at a time. The dentary 
and squamosal form the primary jaw joint, but the artic- 
ular and quadrate remain part of the jaw apparatus. 

The vertebrae are differentiated from those of ther- 
apsids and resemble those of later mammals in the struc- 
ture of the atlas-axis complex, the expansion of the neural 
canal of the cervical vertebrae, and in the distinction be- 
tween the thoracic and lumbar region. The configuration 
of the neural spines indicates that vertebral flexure was 
primarily in the vertical plane. 

The skeleton of the best-known early Mesozoic mam- 
mals, the morganucodontids, is sufficiently similar to those 
of the most primitive living marsupials and placentals to 
suggest that they were physiologically similar as well. They 
were almost certainly endothermic, which would have 
necessitated the presence of hair and implies the devel- 
opment of sebaceous, sweat, and mammary glands. Their 
very small body size would have forced them to give birth 
to young that were at a very immature stage of devel- 
opment and totally dependent on maternal milk, warmth, 
and protection. 

The relatively larger brain size of early mammals, 
compared with similar-sized reptiles, may be attributed 
to the integration of enhanced auditory, tactile, and ol- 
factory input and the need to coordinate sophisticated 
locomotor and feeding activities associated with their high 
metabolic requirements. 

Several other lineages of primitive mammals accom- 
pany the morganucodontids in the late Triassic and early 
Jurassic. Sinoconodon may be a relict of a more primitive 
stage of evolution if we judge by the lack of tooth occlu- 
sion and the primitive pattern of tooth replacement. The 
teeth of Megazostrodon and Dinnetheriutn resemble those 
of Morganucodon, but the upper and lower teeth more 
nearly alternate with one another at occlusion. In occlusal 
view, the molar cusps of the upper and lower teeth of 
Kuehneotheriwn form a pattern of reversed triangles, which 
provides a very effective shearing structure as soon as they 
erupt. This pattern is elaborated in the later therian mam- 
mals, the marsupials and placentals. 

We only know the haramiyids from their tiny teeth. 
The pattern of their cusps indicates that they occluded by 
propalinal movements of the lower jaw without the trans- 
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verse movements that were common to other early Me- 
sozoic mammals. 

After the Lower Jurassic, the fossil record of mam- 
mals is very incomplete until the very end of the Creta- 
ceous. Among the later Mesozoic mammals are the do- 
codonts and triconodontids, which we know primarily 
from teeth and isolated jaws. Amphilestids were among 
the largest of Mesozoic mammals, reaching the size of an 
opossum. Gobiconodon has a scapula like that of therian 
mammals with a supraspinus fossa but replaces its molar 
teeth. 

The most common and diverse of Mesozoic mam- 
mals were the omnivorous multituberculates, which ranged 
into the Oligocene. They appear first in the Upper Jurassic 
but may have evolved from the Rhaeto-Liassic harami- 
yids. The dentition is superficially rodentlike, with large 
incisors and grinding cheek teeth. One of the lower pre- 
molars is typically highly developed as a shearing blade. 
As in the haramiyids, jaw movements were propalinal. As 
in most primitive mammals, the cochlea is uncoiled. The 
postcranial skeleton of multituberculates appears to have 
been quite uniform. Ptilodus shows arboreal specializa- 
tions. An Upper Cretaceous genus had marsupial bones. 

Morganucodonts, triconodonts, amphilestids, do- 
codonts, and multituberculates have been grouped in the 
subclass Prototheria primarily because of the possession 
of primitive characters relative to therian mammals; they 
have not been shown to form a natural, monophyletic 
assemblage. 

The monotremes are the most primitive of living 
mammals if we judge by their low metabolic rate, archaic 
features of the skeleton, and egg-laying habits. The high 
degree of specialization of the skull and the loss or great 
reduction of the dentition makes it difficult to compare 
them with any other mammals. A recently discovered fos- 
sil from the Lower Cretaceous suggests affinities with 
primitive therian mammals, in contrast with the long-held 
opinion that monotremes had diverged from the ancestors 
of marsupials and placentals by the early Jurassic. 
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Primitive Therian 
Mammals and 
Marsupials 


Aside from the echidnas and platypus, all living mammals 
can be included in a single monophyletic assemblage, the 
Theria. The modern therian groups — marsupials and pla- 
centals — diverged from a common ancestor early in the 
Cretaceous. More primitive therians are known from the 
late Triassic into the Cretaceous. 


The evolution of 

THERIAN MOLAR TEETH 

The fossil record of early therian mammals consists 
primarily of teeth and jaws; hence, the structure and 
function of these teeth is of paramount importance in 
establishing relationships. The molar teeth of primitive 
therian mammals are characterized by a triangular ar- 
rangement of the principal cusps. The inception of this 
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pattern is recognized in the Rhaeto-Liassic genera W ou- 
ter sia and Kuebneotherium. Woutersia is known only from 
isolated teeth from the base of the Rhaetic (Sigogneau- 
Russell, 1983). Kuebneotherium is represented by many 
teeth and jaw fragments from fissure fillings of Lower 
Jurassic (Sinemurian) age (Kermack, Mussett, and Rigney, 
1973). The number of incisors is not known. There is one 
canine, from five to six premolars and three to six molars, 
with a maximum postcanine count of ten to eleven (Figure 
19-1). In contrast with Morganucodon, the teeth are not 
strongly attached to the jaws. Based on differences in the 
shape of isolated teeth, Mills (1984) suggests that there 
were five constant molars and a sixth that was inconstant 
in size and not always present. 

As outlined in the previous chapter, the molar teeth 
of Kuebneotherium occlude with one another like those 
of later therian mammals. The edges joining the principal 
cusps shear past one another like the sides of reversed 
triangles. Kuebneotherium also approaches the therian 
configuration in the presence of an incipient talonid (or 



Figure 19-1. JAWS AND TEETH OF KUEHNEOTHERIUM, AN 
EARLY THERIAN MAMMAL FROM THE LOWER JURASSIC. Left 
upper molar in (a) lingual, ( b ) buccal, and ( c ) occlusal views. Left lower 
molar in (d) lingual, (e) buccal, and ( f) occlusal views. Nature of oc- 
clusion is illustrated in Figure 18-1 1 . (g) Lower jaw of Kuebneotherium 
in medial and dorsal views. From Kermack, Kermack , and Mussett, 
1968. 


heel) at the rear of the lower molars that is formed by an 
expansion of the cingulum and bears a single cusp. This 
area of the cingulum overlaps that of the anterior edge 
of the succeeding tooth so that they are locked into place, 
which ensures greater precision of occlusion. This overlap 
also prevents food from being wedged between the teeth 
during mastication. 

In the previous chapter, the principal cusps were iden- 
tified by the same alphabetical scheme as those of non- 
therian mammals. The relationship of Kuebneotherium 
to later therian mammals makes it possible to use the 
system of cusp designation that is applied to marsupials 
and placentals (Figure 19-2). 

Cope and Osborn (Osborn, 1888) established that 
the molar teeth of all marsupials and placental mammals 
evolved from a common ancestral pattern. Osborn re- 
ferred to this pattern as tritubercular, but this term was 
later changed to tribosphenic. In the characteristic tri- 
bosphenic tooth, the occlusal surface of the upper molar 
is in the shape of a triangle, or trigon, with the apex 
toward the tongue. The lower teeth have a similar (but 
reversed) triangle (the trigonid) anteriorly and, in addi- 
tion, a posterior heel or talonid. Early students of fossil 
mammals thought that the apical cusps of the upper and 
lower triangles were comparable to the single cusp of 
primitive reptiles. For this reason, this cusp was desig- 
nated the protocone in the upper tooth and the protoconid 
in the lower tooth. The names paracone (anteriorly) and 
metacone (posteriorly) are used for the other major cusps 
of the upper tooth, and paraconid and metaconid for the 
anterior and posterior cusps of the lower trigonid. The 
talonid is outlined by the entoconid (buccally), hypoconid 
(lingually), and hypoconulid (posteriorly), which sur- 
round a depression or basin. Additional features are shown 
in Figure 19-2. 

In primitive therians such as Kuebneotherium , the 
cusps of both the upper and lower teeth are arranged in 
the pattern of an obtuse triangle that may be conceived 
as having evolved by the slight displacement of the linearly 
arranged cusps in Morganucodon and other more prim- 
itive mammals. When Mesozoic mammals with this tooth 
pattern were first discovered, it seemed natural to apply 
the same terminology to the major cusps as had been 
established for marsupials and placentals. As more em- 
phasis was placed on the significance of wear patterns, it 
was recognized that the protocone was specifically asso- 
ciated with the presence of a fully developed talonid with 
a deep basin. Primitive therians that had only an incipient 
talonid would have had no place for the protocone to 
occlude, and so it was suggested that the apical cusp in 
genera such as Kuebneotherium was not a protocone. 
Further work has established its homology with the par- 
acone of marsupials and placentals. The posterior cusp 
can be accepted as homologous with the metacone, but 
the anterior cusp (B) appears comparable to the stylocone 
of later therians (Cassiliano and Clemens, 1979). The 
cusps of the lower trigonid of Kuebneotherium are directly 



CHAPTER XIX 


427 


(«) 




Figure 19-2. Pattern of the cusps and other important features of tri- 
bosphenic molars that are common to primitive thcrian mammals. ( a ) 
Upper molar and (b) lower molar, both in occlusal view. From Bourn 
and Kraus, 1979. By permission of the University of California Press. 


comparable with those of modern therians. The talonid 
cusp is identified as the hypoconulid. 


SYMMETRODONTS 

Among other Mesozoic mammals, the molar teeth of 
Kuehneotherium are most similar to those of the Middle 
and Upper Jurassic genera Cyrtlatherium and Tinodon 
[ Eurylambda ]. They are grouped within a larger assem- 
blage, the Symmetrodonta, which is characterized by the 
broadly symmetrical appearance of upper and lower mo- 
lar teeth, both of which are dominated by a trigonid, with 
only a small talonid on the lower teeth (Figure 19-3). 

Kuehneotherium and Tinodon are designated obtuse 
angle symmetrodonts since the angle between the lines 
joining the major cusps at the apex is greater than 90 
degrees. In the Spalacotheriidae, which is known from the 


Middle Jurassic to the Upper Cretaceous, the angle is less 
than 90 degrees. Members of this family are termed the 
acute angle symmetrodonts. The Spalacotheriidae appear 
to be advanced in the direction of marsupials and pla- 
centals in the arrangement of the cusps, but the talonid 
is reduced or lost. 

Despite the persistence of symmetrodonts from the 
late Triassic to almost the end of the Cretaceous, their 
remains are exceedingly rare. The best-known genus is 
Spalacotherium from the Middle Jurassic, which is rep- 
resented by associated jaws and teeth. It has a large canine, 
three premolars, and seven molar teeth. The jaw lacks a 
distinct angle. 

We assume that all the early therian mammals broadly 
resembled the morganucodontids in their skeletal anat- 
omy and would have appeared superficially similar to the 
smallest and most primitive living placentals and mar- 
supials. 

Shuotherium from the Middle or Upper Jurassic of 
China may be derived from the base of the symmetrodont 
radiation. It is represented by a single lower jaw that 
shows most of the premolar and molar dentition (Figure 
19-4). The principal cusps are arranged in the pattern of 
an acute triangle, as in spalacotheriids, but there is a small 
talonid on the anterior rather than the posterior end of 
the molars. This is opposite to the pattern that is elabo- 
rated in marsupials and placentals and must have evolved 
independently. The jaw has a groove for the postdentary 
bones and probably retains a reptilian jaw articulation. 
There is no evidence of an angular process (Chow and 
Rich, 1982). Kermack, Lee, Lees, and Mussett (1987) 
suggest that Shuotherium may be a docodont. 



Figure 19-3. TEETH AND JAW OF SYMMETRODONTS. (a) Lin- 
gual and ( b ) occlusal views of the lower molar of the obtuse angle 
symmetrodont Tinodon. Note similarity with Kuehneotherium (Figure 
19-1). ( c ) Lingual and ( d ) occlusal views of the lower molar of the acute 
angle symmetrodont of Spalacotheroides. [e) Lingual view of the lower 
jaw of Spalacotherium, x2.5. From Cassiliano and Clemens, 1979. By 
permission of the University of California Press. 
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Figure 19-4. MEDIAL AND OCCLUSAL VIEWS OF THE LOWER 
JAW OF SHUOTHERUJM. From the Middle Jurassic of China, x 7. 
It has a structure similar to the talonid of pantotheres on the anterior 
end of the molar teeth. From Chow and Rich, 1982. 


EUP ANT OTHERI A 

The main line of evolution toward marsupials and pla- 
centals is represented by the Eupantotheria. Except for 
one undescribed skeleton (Figure 19-5), this group is known 
primarily from jaws and teeth. The talonid is somewhat 
better developed than in Kuehneotberium, but it still has 
only a single cusp. The upper and lower teeth are both 
in the shape of acute triangles, but the upper is signifi- 
cantly wider than the lower. A protocone has not yet 
evolved. The lower jaw has developed a strong angular 
process, in contrast with the symmetrodonts. 



Figure 19-5. SKELETON OF AN UNDESCRIBED PANTOTHERE. 
From the Upper Jurassic of Portugal, x 2. Photograph courtesy Dr. 
Krebs. 


Kraus (1979) recognized four families in a recent 
review. At least three may have been present in the Middle 
Jurassic. Prothero (1981) discussed possible interrelation- 
ships within the group. 

We know the Amphitheriidae from only a single Mid- 
dle Jurassic genus. Amphitherium has an elongated tal- 
onid, but it is not basined. There are at least four incisors, 
a canine, and at least eleven postcanine teeth, of which 
five are considered to be premolars (Figure 19-6). 

The Paurodontidae are known only from the Upper 
Jurassic; they typically have no more than eight postca- 
nine teeth, but some genera have at least ten. 

The Dryolestidae may be represented by isolated teeth 
as early as the Middle Jurassic; numerous genera are known 
in the Upper Jurassic, and they are the only family of 
eupantotheres to continue into the early Cretaceous (Krebs, 
1971). In contrast with the line leading to marsupials and 
placentals, the talonid is reduced and the molars are an- 
teroposteriorly compressed (Figure 19-6). Some Upper 
Jurassic genera retain the coronoid, splenial, and a per- 




Figure 19-6. JAWS OF PANTOTHERES. (a) Amphitherium from tilt 
middle Jurassic of England, x2. From Jenkins and Crompton, 197). 
By permission of the University of California Press. ( b ) Lateral and (, 
medial views of the lower jaw of a dryolestid pantothere from the Upper 
Jurassic of Portugal. From Krebs, 1971. 
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Figure 19-7. DISTAL PREMOLARS AND MOLARS OF PERAMUS. 
Occlusal relationship is shown. Upper teeth are drawn with heavy lines. 
Front is to the left, lingual is to the bottom. From Clemens and Mills, 
19 71. Redrawn with permission by the Trustees of the British Museum 
l Natural History). 

sistent Meckel’s cartilage, but these features are lost by 
the Lower Cretaceous. None of the genera show any trace 
of the reptilian jaw joint. There are typically twelve upper 
and lower postcanine teeth, but some genera have only 
eight. 

The family Peramuridae, which is known with cer- 
tainty only from a single Upper Jurassic genus Peramus, 
appears most closely related to the ancestry of the later 
therian mammals (Figure 19-7). The talonid has a hy- 
poconid and an entoconid in addition to the hypoconulid 
of Amphitherium and it is incipiently basined. As Clemens 
and Mills (1971) showed, the upper molars have not yet 
developed a protocone. There are eight postcanine teeth 
in both the upper and lower dentition. This is less than 
the number in later therians, but other features of Peramus 
seem close to the pattern that is expected in the ancestors 
of marsupials and placentals (McKenna, 1975). 

Crompton (1971) admirably outlined the changes 
leading to the establishment of the tribosphenic molar. 
These changes involve progressive addition of shearing 
surfaces to exploit the transverse component of jaw mo- 
tion (Figure 19-8). In Kuehneotherium, there are three 
major shearing surfaces; in the fully developed tribos- 
phenic molar there are six. Shearing surfaces are added 
primarily by medial extension of the upper molars, which 


become approximately twice the width of the lowers. Be- 
cause of the medial movement of the lower jaw during 
mastication, the shearing surfaces of the lower teeth are 
moved across those of the upper. The protocone develops 
as a new structure near the apex of the medial extension 
to form a crushing and grinding surface against the ba- 
sined talonid. 

Fully developed tribosphenic molars, which are rec- 
ognized by the establishment of a definite talonid basin 
and the elaboration of a protocone, are first known from 
the early Cretaceous (Neocomian through Albian) of Eu- 
rope, North America, and Asia (Dashzeveg and Kielan- 
Jaworowska, 1984). The oldest is Aegialodon (Figure 19- 
8 d), which we know from a single lower molar with a 
clearly basined, three-cusped talonid. Pappotherium from 
the Albian of Texas is among the earliest forms in which 
the upper molars are known to have a fully developed 
protocone (Crompton and Kielan-Jaworowska, 1978). 


THERIANS OF METATHERIAN- 
EUTHERIAN GRADE 

We can classify all Cenozoic mammals with tribosphenic 
molars as either marsupials or placentals on the basis of 
different patterns of tooth replacement, the number of 
molars and premolars, and the detailed morphology of 
the individual molars. The earliest known tribosphenic 
teeth, and some from the later Cretaceous, cannot be 
definitely assigned to either of these groups. The earliest 
may belong to an ancestral stock that existed before the 
divergence of the modern infraorders. Others represent 
distinct therian lineages that coexisted with the early mar- 
supials and placentals but cannot be classified with either 
group (Clemens and Lillegraven, 1986). These primitive 
therians have been lumped together in an informal assem- 
blage “Theria of metatherian-eutherian grade.” 


M 



(b) c M 
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Figure 19-8. OCCLUSAL VIEW OF THERIAN MOLAR TEETH. 
These genera show important stages in the evolution of tribosphenic 
molars. For each drawing, upper teeth are above and lower are below. 
Anterior is to the left, buccal is to the top. Numbers identify shearing 
surfaces, which increase from 3 to 6. (a) Kuehneotherium. ( b ) Amphith- 


erium (upper molar hypothetical), (c) Peramus. {d) Aigialodon (upper 
molar hypothetical), (e) Didelphodus, an early Cenozoic eutherian. Ab- 
breviations as follows: hyd, hypoconulid; me, metacone; med, meta- 
conid; prd, protoconid. From Bourn and Kraus, 1979. By permission 
of the University of California Press. 
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Deltatherium is one of the most completely known 
members of this assemblage. It is represented by nearly 
complete skulls from the Campanian of Mongolia (Figure 
19-9). It was originally thought to belong to the basal 
stock of placental mammals, the Proteutheria. Kielan-Ja- 
worowska (1975) recognized that the tooth formula 

?4 1 3 3-4 

1-2 1 3 4-3 

was in fact closer to the pattern of metatherian mammals, 
except for the variable loss of the upper fourth molar 
(M 4 ). Compared with other early therians, the skull is 
relatively large (4 centimeters long), but the snout is short 
(compare with Figure 20-3). Palatine foramina (which are 
common to marsupials) are lacking. 

Kielantherium from the Aptian or Albian of Mon- 
golia is closer in time to the marsupial-placental dichot- 
omy and may be closer to the morphological pattern of 
the common ancestors of these groups (Figure 19-9 b). 
Dashzeveg and Kielan-Jaworowska (1984) describe a nearly 
complete jaw with five premolars and four molars. The 
presence of five premolars corresponds with the highest 
number in primitive placentals. Early marsupials have only 
three. 


U) 



Figure 19-9. THERIANS OF THE METATHERIAN-EUTHER1AN 
GRADE, (a) Skull of Deltatberidium from the Upper Cretaceous of 
Mongolia, X2. From Kielan-Jaworowska, Eaton, and Bown, 1979. By 
permission of the University of California Press. ( h ) Lingual view of 
lower jaw of Kielantherium from the Lower Cretaceous of Mongolia, 
x 12. From Dashzeveg and Kielan-Jaworowska, 1984. 


Different authors have classified isolated teeth from 
the Albian of Texas as either therians of metatherian- 
eutherian grade (Patterson, 1956; Butler, 1978; Kielan- 
Jaworowska, Eaton, and Bown, 1979) or as belonging 
specifically to one or another of the advanced infraclasses. 
Slaughter (1981) and Fox (1980) assigned Holoclemensia 
to the Metatheria and Pappotherium to the Eutheria. These 
groups probably had differentiated by this time, but it 
remains difficult to assign isolated teeth to any particular 
group of subsequent therians. 

A gap of approximately 20 million years separates 
the rare, early therians of metatherian-eutherian grade 
from the comparatively rich fossil record of the Upper 
Cretaceous. By that time (Santonian and Campanian), 
unquestioned marsupials and placentals can be recog- 
nized, and they occur in considerable diversity. 


Marsupials 

We assume that marsupials and placentals diverged 

essentially simultaneously from a common ancestry 
that is represented by the early therians of metatherian- 
eutherian grade. In the late Cretaceous, the geographical 
distribution of the two groups shows significantly differ- 
ent patterns. Marsupials and placentals are of nearly equal 
abundance in North America and are known in lesser 
numbers in South America. Placentals are relatively com- 
mon in the Upper Cretaceous of central Asia, but no 
Cretaceous marsupials have been described from Asia. 
Neither group is known from the Cretaceous of Africa or 
Australia. 

Marsupials can be distinguished from placentals by 
unique derived characteristics of the dentition. Tooth re- 
placement is limited to the third premolar in the upper 
and lower jaw (Pj). Most marsupials have only three pre- 
molars and four molars, while placentals have four pre- 
molars (five in primitive species) and three molars. In 
marsupials with an ossified tympanic bulla, the alisphen- 
oid is typically an important component. The jugal ex- 
tends posteriorly to the glenoid fossa. The presence of a 
reflected angular process of the jaw distinguishes mar- 
supials from all living placentals, but this structure is pres- 
ent in some early eutherian mammals. 

The very immature state of the newborn in marsu- 
pials is almost certainly a primitive feature for therians, 
as is the presence of marsupial bones. 

We can distinguish the individual teeth of primitive 
marsupials from those of placentals by the following fea- 
tures (Figure 19-10). The upper molar have a broad buccal 
cingulum with several large stylar cusps. The crowns of 
the upper molars are not as wide, relative to their length. 
The hypoconulid and entoconid are typically close to- 
gether (twinned) and well separated from the hypoconid. 
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Figure 19-10. THE PRIMITIVE MARSUPIAL ALPHADON FROM 
THE UPPER CRETACEOUS OF NORTH AMERICA. ( a ) Upper mo- 
lars in occlusal view and lower jaw in ( b ) occlusal and (c) lateral views, 
x 6. From Clemens, 1 979. By permission of the University of California 
Press. 


GEOGRAPHICAL AND 
TEMPORAL DISTRIBUTION 

The earliest record of marsupials is in North America. 
The marsupial affinities of the isolated teeth from the 
Lower Cretaceous remain in question, but there is diverse 
material from the Upper Cretaceous (Campanian and 
Maastrichtian) of southern Canada (Fox, 1979) and the 
western United States (Clemens, 1966). The earliest comes 
from the early Campanian, nearly 20 million years before 
the end of the Mesozoic (Fox, 1986). Clemens recognized 
three families of Upper Cretaceous marsupials, all within 
the superfamily Didelphoidea, which includes the living 
opossum. Remains from the Upper Cretaceous are re- 
stricted to teeth, partial jaws, and cranial fragments. 
Members of the Didelphidae are known in North America 
as late as the Miocene, approximately 25 million years 
ago, after which they became extinct. The modern genus 
Didelphis reentered North America from South America 
approximately 3 million years ago, after the emergence 
of the isthmus of Panama. 

Didelphids migrated from North America into Eu- 
rope in the early Eocene. The genus Peratherium is known 
there into the Miocene. Closely related forms are known 
from the Eocene and Oligocene of North Africa (Crochet, 
1984; Bown and Simons, 1984), but they apparently be- 
came extinct there without becoming more widely dis- 
tributed. 

The only marsupial remain so far reported from Asia 
is a single molar tooth from the Lower Oligocene, similar 
to that of European and North American didelphids (Ben- 
ton, 1985). 
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Marsupials very similar to North American genera 
are reported from Peru and Bolivia in the late Cretaceous, 
together with primitive placentals (Marshall, de Muizon, 
and Sige, 1983). Marsupials underwent a major radiation 
in the late Cretaceous or early Cenozoic in South America, 
which culminated in the differentiation of 10 families. 

One member of a typical South American family, the 
Polydolopidae, is known from the late Eocene of Seymour 
Island on the Antarctic Peninsula. This discovery provides 
the first solid evidence for a possible route of dispersal 
between South America and Australia, across Antarctica 
(Woodburne and Zinsmeister, 1984). 

The fossil record of marsupials in the Australian re- 
gion begins in the late Oligocene (Tedford, Banks, Kemp, 
McDougal, and Sutherland, 1975). By this time, most of 
the major groups had already differentiated. There is no 
direct evidence to document when marsupials first entered 
Australia. 

The place of origin and direction of dispersal of mar- 
supials in the southern continents is subject to continuing 
debate (Figure 19-11). Keast (1977), Marshall (1980b, 
1982a), Szalay (1982), Woodburne (1984), and Wood- 
burne and Zinsmeister (1984), have discussed this prob- 
lem. Marshall emphasizes that there is still no definite 
evidence. Woodburne argues that the great diversity of 
marsupials in South America in the early Paleocene sug- 
gests that their radiation may have been well underway 
in the late Cretaceous. Cretaceous fossils are as yet very 



Figure 19-11. MODEL OF MARSUPIAL RADIATION. The group 
first appeared in the fossil record in the New World, and may have 
originated in either North or South America as shown on this map of 
the distribution of continents in the late Cretaceous. They spread into 
Europe and North Africa in the Eocene. They are not known in Australia 
until the end of the Oligocene. From Marshall, 1980b. 
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poorly known, but it is possible that the main radiation 
of early marsupials may have occurred here rather than 
in North America. The radiation of marsupials may have 
preceded that of the placentals in the New World, al- 
though placentals are reported in Asia as early as the end 
of the Lower Cretaceous. Marsupials may have been the 
only mammals in South America at the time that migra- 
tion to Australia via Antarctica was possible in the late 
Cretaceous. This would explain why placentals did not 
contribute to the early Tertiary fauna of Australia. Al- 
ternately, the diverse omnivorous, opportunistically feed- 
ing marsupials may have been at an advantage in making 
the journey to Australia, in comparison with the relatively 
few, primarily herbivorous placentals that were in South 
America at the end of the Cretaceous and the beginning 
of the Cenozoic. 

SOUTH AMERICAN MARSUPIALS 

The earliest and most primitive South American marsu- 
pials are closely related to those that are known from the 
Upper Cretaceous of North America. Clemens (1979) 
classified the genera that occur on both continents within 
the Didelphidae, but Szalay (1982) suggested that they 
belong to the closely related family, Pediomyidae. 

North and South America became separated in the 
late Cretaceous, and faunal interchange between these 
continents was greatly restricted until the very end of the 
Cenozoic. Marsupial evolution in South America pro- 
ceeded for most of the Cenozoic without influence from 
the rest of the world. This geographical separation, as 
well as anatomical evidence, clearly demonstrate that South 
American marsupials constitute a monophyletic assem- 
blage. 

Most of the major groups of South American mar- 
supials were recently restudied by Marshall (1977, 1978, 
1979, 1 980a, b, 1981, 1982b, c), who has also published 
a summary review (1982a) with extensive citation of pre- 
vious literature. Marsupials form a relatively minor ele- 
ment in the modern fauna, with only 17 genera, but 76 
additional genera have been described from the Tertiary. 

Didelphidae 

The didelphids remain important elements in the South 
American fauna throughout the Cenozoic. Thirteen gen- 
era are present in the living fauna and approximately 25 
genera have been described from fossils. Didelphids are 
recognized primarily by primitive features. The dental for- 
mula is 

5 13 4 

4 13 4 

The configuration of the teeth typically resembles that of 
modern genera that are opportunistic feeders on inver- 
tebrates, small vertebrates, and plant material (Figure 19- 
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Figure 19-12. SPARASSOCYNUS. Palatal view of the didelphid from 
the Pliocene of Argentina, x 1. From Reig and Simpson, 1972. By per- 
mission of the Zoological Society of London. 


12). Most are at least facultatively arboreal, with a pre- 
hensile tail and opposable big toe. Members of the family 
range from the size of a mouse to that of a large domestic 
cat. Some had the proportions of a weasel and the living 
genus Chironectes is specialized for aquatic locomotion, 
with webbed feet and a watertight marsupium. 

At least 12 genera are recognized from the Paleocene, 
which suggests that marsupials had an even larger late 
Cretaceous radiation in South America than that known 
in North America. There is considerable diversity among 
the early didelphids, but the various phylogenetic lineages 
within this family have not yet been worked out. 

Beginning in the late Cretaceous and continuing in 
the early Cenozoic, a broad spectrum of more specialized 
marsupials evolved from the base of the didelphid assem- 
blage. This group includes a number of lineages that re- 
semble insectivores and small rodents and others that par- 
alleled the placental carnivores of other continents. 

Microbiotheriidae 

The Microbiotheriidae is known from only two genera, 
Dromiciops, a small, mouselike form in the living fauna, 
and Microbiotherium from the Upper Oligocene and Lower 
Miocene. The dental formula is primitive 

5 13 4 

4 13 4 

but the stylar shelves on the upper molars are small and 
the posterior molars are reduced. Microbiotheres are dis- 
tinguished from all other marsupials by the enormous 
inflation of the auditory bulla. The posterior two-thirds 
is formed by a new ossification, the entotympanic, and 
the anterior one-third by the alisphenoid (Figure 19-13). 


CHAPTER XIX 433 



Figure 19-13. PALATAL VIEW OF DROMICIOPS. The microbio- 
there is from the recent fauna of South America. The auditory bulla is 
greatly expanded. The foot structure resembles that of Australian mar- 
supials. From Marshall, 1982b. 


These genera are customarily grouped among the Di- 
delphoidea. Szalay (1982) recognized specializations of 
the tarsus in the modern genus that are very similar to 
those of the Australian marsupials and suggests that mi- 
crobiotheres should be separated taxonomically from all 
other South American groups as the order Dromiciopsia. 

During the Lower Eocene, two other didelphoid fam- 
ilies are recognized on the basis of single genera, Bona- 
partheriidae and Prepidolopidae. Other groups are suf- 
ficiently distinct that they are placed in separate 
superfamilies. 

Borhyaenoidea 

The Borhyaenoidea broadly resemble the medium-to-large- 
sized placental carnivores of the northern continents. They 
encompass approximately 35 genera and range in age 
from the early Paleocene to the end of the Pliocene. They 
almost certainly evolved from early didelphids, but a spe- 


cific ancestral stock has not been recognized. The Paleo- 
cene genus Patene is an almost ideal intermediate between 
the two groups. The dentition is somewhat specialized in 
the reduction of the incisors to give a dental formula of 

4 13 4 

3 13 4 

The molar teeth increase in size posteriorly. The stylar 
cusps are reduced, which gives the upper molars a more 
bladelike appearance. In genera in which the postcranial 
skeleton is adequately known, the limbs are short and 
show no cursorial specializations (Figure 19-14). From 
the Oligocene into the Pliocene, the role of cursorial car- 
nivores in South America seems to have been taken by 
the phoruschacoids, a group of large terrestrial birds (see 
Chapter 16). 

Among the Oligocene borhyaenids, Proborhyaena was 
the size of a large bear, with molar teeth that were spe- 
cialized in a manner analogous with the carnassial teeth 
of placental carnivores. Borhyaenids are not known later 
than the Lower Pliocene. 

Special affinities have been repeatedly postulated be- 
tween the doglike carnivores of South America and Aus- 
tralia, but recent work on both the osteology and the 
biochemistry refutes this notion (Kirsch, 1984) (Figure 
19-15). 

From among the borhyaenids evolved the thylaco- 
smilids, which appear in the Upper Miocene and continue 
to late Pliocene. They have a highly distinctive dentition 
with no incisors but enormous, ever-growing upper ca- 
nines that are comparable to those of the placental “saber- 
toothed tiger.” There is a distinct symphyseal flange of 
the lower jaw underlying these teeth (Figure 19-16). Thy- 
lacosmilids do not survive into the Pleistocene, by which 
time North American placental carnivores, including the 
true saber tooths, had entered South America. 

Caenolestoids 

The caenolestoids are an assemblage of small insectivo- 
rous and omnivorous forms. They were most diverse in 
the Lower Miocene, when they were the most abundant 
of all small marsupials. A total of thirteen genera are 
recognized, of which three are present in the modern fauna. 
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Figure 19-15. CARNIVOROUS MARSUPIALS, (a) The South Amer- 
ican genus Borhyaena from the Miocene, x d. (b) The recently extinct 
Australian genus Thylacynus, x f. From Sinclair, 1906. 

The earliest reported fossil is Lower Eocene. The dental 
formula is 

3-41 3 4 

2-4 1 2-3 4 

The most distinctive feature is the structure of the first 
molar, which is customarily enlarged and bladelike, closely 



Figure 19-16. THYLACOSMILUS, a marsupial “saber tooth tiger” 
from South America. From Riggs, 1934. 



Figure 19-17. PALAEOTHENTES , a shrewlike caenolestoid marsu- 
pial from the Oligocene of South America. From Marshall , 1980a. By 
permission of the Field Museum of Natural Elistory, Chicago. 


resembling the bladelike premolar of the multitubercu- 
lates (Figure 19-17). The first and/or second lower incisors 
are long and procumbent. A similar pattern is achieved 
in some Australian marsupials, but in those forms the 
third lower incisor is specialized. Caenolestoids have long 
been recognized as being very distinct from other South 
American marsupials, but they share with them a highly 
distinctive pattern of the spermatozoa, which become paired 
within the epididymis. Paired sperm are not known in any 
placental groups or among the Australian marsupials. 

Polydolopoidea 

A totally extinct group, the polydolopoids, which are known 
from the Paleocene into the Lower Oligocene, somewhat 
resemble the caenolestoids but achieved similar dental 
specialization earlier and in a different way. They too have 
a multituberculatelike enlarged cheek tooth, but it is the 
last premolar, not the first molar. The anterior teeth in 
the lower jaw resemble the procumbent incisors of caen- 
olestoids but include the canines, as well as the small 
incisors (Figure 19-18). A single polydolophid genus, An- 
tarctodolops, is the only marsupial known to have reached 
Antarctica, although the portion of the Antarctic penin- 
sula where it was found was probably a part of South 
America in the Eocene (Woodburne and Zinsmeister, 1984). 

Groeberioidea and Argyrolagoidea 
Two other groups that are known only from fossils evolved 
a superficially rodentlike dentition. Groeberia is known 
from two incomplete specimens from the Upper Eocene. 
The dental formula is reduced to 

2 0 0 4 

10 0 4 

The enamel on the ever-growing incisors is restricted to 
the labial side, as in modern rodents, to give a self-sharp- 
ening surface. The facial region is very short but deep, 
Placental rodents entered South America in the Oligocene 
and may have restricted the opportunities for their mar- 
supial analogues. 

A later group of highly specialized rodent analogues, 
the Argyrolagoidea (Figure 19-19), are reported from the 
Oligocene into the Pliocene. They show a remarkable con- 
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Figure 19-18. (a) Palate and (b) lower jaws of the polydolopid mar- 

supial Epidolops from the Upper Paleocene of Brazil, x 1. From Paula 
Couto, 1952. 

vergence with kangaroo rats and jerboas. The dental for- 
mula is reduced to 

2 0 14 

2 0 14 

The remaining premolars and molars are ever growing. 
As in modern jumping mice, the auditory bulla is greatly 



Figure 19-19. (a) Skeleton of Argyrolagus, a riochetal marsupial from 

the Pliocene of Argentina, X 3. Skull of Argyrolagus in (b) dorsal and 
(c) palatal views. From Simpson, 1970. 


inflated (although composed, in typical marsupial fashion, 
of the alisphenoid), the front legs are short, the hind legs 
are elongate, and the tibia and fibula are fused distally. 
The pes has only two digits. The tail is heavy to coun- 
terbalance the weight of the front of the body. As in other 
marsupials, there are large palatal vacuities and a reflected, 
angular process. 

AUSTRALIA 

The earliest-known marsupials from the Australian region 
come from the late Oligocene of Tasmania (Tedford, Banks, 
Kemp, McDougal, and Sutherland, 1975). This may be 
at least 40 million years after marsupials first entered 
Australia. A diverse fauna is known from the Miocene, 
by which time most of the modern families had become 
differentiated. Woodburne (1984) and Rich (1982) re- 
cently reviewed the diversity of Australian marsupials. 
The carnivorous groups are considered in detail in the 
book Carnivorous Marsupials, which Archer (1982a) ed- 
ited. 

Dasyuroidea 

The relationships and classification of the Australian mar- 
supials continue to be hotly debated. At least two major 
groups are recognized that may have evolved separately 
from an essentially didelphoid level. The Dasyuroidea, as 
small-to-medium-sized insectivores, carnivores, and om- 
nivores, occupy a position in Australia that is comparable 
to the Didelphoidea in South America. Archer (1976) em- 
phasized that the early Miocene dasyurid Akotarinja would 
certainly have been identified as a didelphid had it been 
found in South America rather than Australia. All das- 
yuroids can be distinguished from primitive didelphoids 
by the reduction in the number of incisors, to give a dental 
formula of 

412-34 
3 1 2-3 4 

but the configuration of the individual teeth remains ba- 
sically similar (Figure 19-20). 

The Dasyuridae includes 14 living genera of “mouse”- 
and “cat”-like forms that range in size from 5 grams to 
10 kilograms. Another six genera are known only as fos- 
sils. Archer (1982b) discussed relationships within the 
group. The smaller forms have the feeding habits of the 
placental insectivores. Sarcopbilus, the Tasmanian devil, 
has large, blunt molars that are used for crushing bones, 
which make it an effective scavenger on large animals. 

Tbylacinus, the Tasmanian “wolf,” is placed in a 
separate family. The general body form as well as details 
of the dentition provide a strikingly close parallel with 
the placental canids (see Figure 19-1 5b). This genus is 
known from the Miocene and became extinct in 1934. It 
has repeatedly been suggested that the Australian thyla- 
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Figure 19-20. SMINTHOPSIS. Dentition of the modern dasyurid from 
Australia. From Archer, 1976. 


cinids had a close relationship with the South American 
borhyaenids (for example, see Kirsch, 1977). Archer (1982c) 
and Sarich and Cronin (1980) discussed both the ana- 
tomical and seriological evidence and concluded that Thy- 
lacinus is more closely related to the dasyurids than to 
any other group of marsupials. 

A more distant relative of the dasyurids is Myrme- 
cobius (family Myrmecobiidae), the numbat or Australian 
anteater. The snout is elongate in this genus, as in pla- 
cental anteaters, and the tongue is very long and exten- 
sible. The size of the teeth is greatly reduced, but the 
number of molars is increased to five or six. Despite the 
absence of a fossil record prior to the Pleistocene, there 
is no question of the affinity of the one modern species 
with the dasyuroids. 

Perameloidea 

Aside from the dasyuroids, all other adequately known 
Australian marsupials share a specialization of the rear 
foot in which digits 2 and 3 are greatly reduced and in- 
corporated in a single sheath of tissue, a configuration 
termed syndactyly (Figure 19-21). These specialized digits 
are used in grooming. Genera with syndactyly include two 
very distinct groups, the Perameloidea, or bandicoots, and 
the Diprotodontoidea, a much more diverse assemblage. 

The Perameloidea includes only eight recent genera, 
which are placed in two closely related families, the Per- 
amelidae and the Thylacomyidae (the latter including only 
the rabbit-eared bandicoot and the Pliocene fossil Is- 
chnodon). Bandicoots retain an even more primitive den- 
tal formula than the dasuyrids: 

4-5 1 3 4 

3 13 4 

The molars differ in the rectangular outline of the crowns, 
which results from an addition of cusps to the primitively 
triangular trigonid. This pattern is achieved separately in 
the two families. In peramelids, it results primarily by the 
addition of hypocone, but in the thylacomyids, the me- 


tacone shifts iingually and the stylar cusps are elaborated. 
The enlarged crown is associated with a more omnivorous 
diet than the dasyurids. Perameloids vary in size from that 
of a mouse up to nearly 5 kilograms. Many are burrowers. 

Perameloids are exceptional among metatherians in 
having a chorioallantoic placenta, as do eutherian mam- 
mals, but their young are born at the same immature stage 
as those of other marsupials. The fossil record of the 
Peramelidae is scanty but goes back to the Miocene. 

Opinion differs as to whether the perameloids are 
close to the ancestry of the diprotodonts or have a separate 
origin at the level of dasyurids or didelphids. 

Phalangeroids 

The diprotodonts include three superfamilies, the Vom- 
batoidea (including the wombats of the modern fauna 
and a variety of extinct groups), the Phascolarctoidea (ko- 
alas), and the Phalangeroidea, which encompasses the 
modern phalangerids, kangaroos, and gliding and pygmy 
possums. The diprotodonts are united by the derived con- 
dition of the lower incisors, which are reduced to two 
procumbent teeth. The group consists of primarily her- 
bivorous forms. 

Among the diprotodonts, the phalangeroids are rel- 
atively primitive in their dentition and the arboreal way 
of life of the phalangerids may be close to the primitive 
pattern for the entire group. The three living genera are 
the size of squirrels and retain five toes on both hands and 
feet, with the first toe opposable. The dental formula is 

3 11-3 4 

1-3 0-1 1-2 4 



Figure 19-21. FOOT OF THE PLIO-PLE1STOCENE KANGAROO 
PROTEMNODON. This genus shows the syndactyl condition, in which 
digits 2 and 3 are greatly reduced and inclosed in a single sheath of 
tissue. From Flannery, 1982. 
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The molars have square crowns with semilophodont cusps. 
They are basically herbivorous but are known to eat in- 
sects and young birds. The fossil record of phalangerids 
goes back to the Upper Oligocene; the Middle Miocene 
genera are already modern in appearance. 

The family Ektopodontidae is an extinct group limited 
to the Miocene and Pliocene that, although yet poorly 
known, probably arose from primitive phalangers (Wood- 
burne and Clemens, 1984). The teeth are bilophodont, 
with the occlusal surface subdivided by longitudinal or 
radiating structures (Figure 19-22). The teeth of Ekto- 
podon are so unusual that it was originally thought to be 
a monotreme (Stirton, Tedford, and Woodburne, 1967). 

Other phalangeroid families, the Petauridae, includ- 
ing five genera of gliding possums, and the pygmy pos- 
sums, Burramyidae, have a fossil record going back to the 
Miocene. 

One of the most striking of extinct marsupials groups, 
the Thylacoleonidae, may also be related to the phalan- 
gerids. Wakaleo from the Miocene and Thylacoleo of the 
Pliocene and Pleistocene are large forms with a highly 
specialized dentition (Figure 19-23). The first of the upper 
three incisors and the lower incisor are greatly enlarged 
and have the appearance of canine teeth. The upper canine 
is retained, but it is very small, as are upper premolars 1 
and 2. The third premolars of the upper and lower jaws 
are very greatly expanded in length to form gigantic shear- 
ing blades that appear to have functioned like the car- 
nassial teeth of placental carnivores. In the lower jaw, the 
premolar is continuous with a smaller, bladelike first mo- 
lar. The second lower molar and the first upper molar are 
much smaller. The absence of crushing or grinding molars 
and the caniniform configuration of the incisors give these 
genera the appearance of highly specialized carnivores. 
The probable diet of the thylacoleonids has long been 
debated. It is unusual for highly specialized carnivores to 
evolve among basically herbivorous groups, but groups 
such as the rodents and phalangers, in which the dentition 
appears specialized for feeding on plant material, include 
members that make extensive use of animal prey. Wells, 
Horton, and Rogers (1982) presented considerable evi- 
dence that the teeth of Thylacoleo were used in the manner 
of modern placental carnivores. 

(a) ( b ) 


Figure 19-22. ( a ) Occlusal and (b) side views of molar tooth of Ek- 

topodon, a peculiar phalangeroid from the Miocene and Pliocene of 
Australia, x4. Erotn Stirton, Tedford and Woodburne, 1967. 



Figure 19-23. SKULL OF THE PLEISTOCENE PHALANGEROID 
THYLACOLEO, x 1. There is continuing dispute as to whether the 
greatly elongated cheek tooth is indicative of a carnivorous diet. From 
Finch and Freedman, 1982. 

The postcranial skeleton follows the phalangerid pat- 
tern and is thought to be well adapted for climbing. Wells 
and his colleagues suggested a leopardlike habitus. 

The most dramatic of the living Australian marsu- 
pials are certainly the kangaroos, with 19 living genera 
and approximately 60 species. All may be placed in a 
single family, the Macropodidae, or the smaller, more 
primitive rat-kangaroos may be placed in their own fam- 
ily, the Potoroinidae. 

Except for two genera of rat-kangaroos, all genera 
have a rear limb that is significantly longer than the fore- 
limb and hop bipedally when moving rapidly. The tooth 
formula is 

30-124 

3 0 2 4 

The dentition of the rat-kangaroos resembles that of 
the phalangerids, with relatively low-crowned bunodont 
or sublophodont molar teeth, although most differ in hav- 
ing a very long, shearing, lower third premolar. The enamel 
is restricted to the lateral surface of the lower incisors. In 
true kangaroos, the molars are higher crowned and bil- 
ophodont. The third lower premolar is less specialized. 
Another feature that distinguishes the two groups is the 
presence of an opening in the lower jaw in rat-kangaroo 
through which passes a medial slip of the masseter that 
penetrates into the body of the horizonal ramus of the 
lower jaw (Figure 19-24). 

We recognize both families (or subfamilies) in the 
middle Miocene. Rat-kangaroos have not changed sig- 
nificantly since the Miocene and most modern genera ex- 
tend back into the late Cenozoic. 

In contrast, the true kangaroos and wallabies show 
a major radiation in the Pliocene, possibly associated with 
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Figure 19-24. MANDIBLE OF THE RAT-KANGAROO STHENU- 
RUS. This genus shows the long anterior premolar and the mandibular 
foramen which distinguishes this group from the “true” kangaroos. 
hrom Rich, 19R2. 

climatic changes that led to the spread of grassland. The 
28 fossil and living species of Macropus are thought to 
have differentiated within the last 5 million years (Rich, 
1982, p. 444). Like the placental ruminates, the kanga- 
roos have a symbiotic relationship with bacteria that as- 
sists in the digestion of cellulose. 

The taxonomy of early macropodids is discussed in 
three papers in the Journal of Paleontology for July 1984. 
Flannery (1982) outlined the currently limited knowledge 
of the evolution and mechanics of kangaroo locomotion. 
The most primitive genera, like phalangers, move on the 
ground by a quadrupedal bound. This pattern may be the 
result of secondarily terrestrial locomotion that evolved 
from the primarily arboreal mode of their phalangeroid 
ancestors. The presence of syndactyly may have con- 
strained the possible pattern of evolution of the foot. 
Dawson (1977) showed that bidepal hopping in kanga- 


roos is energetically more economical than walking when 
they exceed a speed of 15 kilometers per hour. 

Phascoiarctoidea and Vombatoidea 
The Phascolarctidae (koalas) were included among the 
phalangeroids but are now thought to share a closer re- 
lationship with the wombats. This group has but a single 
living genus, but its fossil record goes back to the Miocene. 
The dentition is not as extremely reduced as that of wom- 
bats but retains three upper incisors and a canine: 

3 114 

10 14 

The teeth are low crowned, with a dual V-shaped array 
of crests. They feed almost exclusively on eucalyptus leaves 
and almost never leave the trees. 

Living vombatoids include only two genera, but the 
group has a substantial fossil record that goes back to the 
Miocene. Wombats are burrowers and exceed 1 meter in 
length. They have the appearance of small bears and feed 
on grass and roots. From the Pliocene on, the group is 
characterized by the presence of rootless, ever-growing, 
prismatic, bilobed cheek teeth and only a single pair of 
upper and lower incisors. In the modern genera, the tooth 
formula is reduced to 

10 14 

10 14 

Such a rodentlike specialization is unique to wombats 
among living marsupials but is closely paralleled by the 
South American Argyrolagidae. 



Figure 19-25. DIPROTODON, a giant relative of the wombat from the Pleistocene of Australia. From 
Gregory, 1951. 
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Wynyardia from the early Miocene is a poorly known 
form placed in a family of its own, which may have af- 
finities with the wombats. It illustrates the early devel- 
opment of the diprotodont condition and shows some 
characteristics of phalangers and kangaroos. 

The Diprotodontidae and Palorchestidae are related 
groups that are known from the Upper Oligocene to the 
Pleistocene. They are the largest of all known marsupials. 
Their sizes range from that of a sheep to a hippopotamus 
(Figure 19-25). They are more primitive than wombats 
in retaining three upper incisors. The cheek teeth bear two 
transverse crests. The nasal bones are short, which may 
indicate the presence of a proboscis (Figure 19-26). Twelve 
genera have been described. Their extinction may have 
been related to climatic changes at the end of the Pleis- 
tocene or the appearance of man in Australia. 

Two final groups whose taxonomic position awaits 
clarification must be mentioned. Notorcytes, the marsu- 
pial “mole,” is highly specialized in the reduction of the 
eyes, the loss of the pinnna of the ear, the configuration 
of the skull, and the fusion of the cervical vertebrae. It 
has no fossil record, and its specific relationship with other 
Australian marsupials has not been established. Dental 
evidence suggests alliance with dasyurids or peramelids, 
but the foot structure resembles that of diprotodonts. 




Figure 19-26. THE PA LORCHEST1 D DIPRODODONT NGAPAK- 
ALDIA FROM THE LATE CENOZOIC OF AUSTRALIA. Skull in (a) 
lateral and ( b ) palatal views, (c) Occlusal view of lower jaw, x^, After 
Stirton, 1967. 
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The Tarsipedidae, or honey possum, is known from 
a single species with no fossil record. It was once included 
among the phalangeroids but is now recognized as being 
very distinct anatomically and probably had a long, sep- 
arate evolutionary history. The only well-developed teeth 
are the upper canines and lower incisors. The cheek teeth 
are reduced to pegs. It feeds on the honey and pollen in 
flowers and weighs less than 20 grams. 


MARSUPIAL CLASSIFICATION 

Marsupials have long been placed in a single order, Mar- 
supialia, as opposed to the twenty-odd orders of living 
placentals. With approximately 200 genera, one could 
argue that this assemblage is much more diverse than 
many of the smaller placental orders. Recently, a spate of 
papers have been published supporting a subdivision into 
four or more orders (Kirsch, 1977; Szalay, 1982; Archer, 
1976). However, Marshall (1981 ) retained a single order, 
although he implied that there was a major dichotomy 
between New World and Australian groups. These var- 
ious schemes differ significantly in the way in which the 
Australian groups are subdivided. A continuing problem 
is the absence of any fossil evidence in Australia before 
the end of the Oligocene, by which time all the major 
groups had become well differentiated from one another. 

Where the fossil evidence is lacking, we may look 
more closely at serological comparison and the soft anat- 
omy of living forms (Kirsch, 1977, 1984). Whatever the 
evidence, the strongest support is for a division between 
the New World and Australian forms. 


Summary 

Marsupials and placentals constitute a monophyletic 
assemblage whose common ancestors are recognized 
among the Lower Cretaceous aegialodontids. More prim- 
itive therians appear as early as the late Triassic. All Me- 
sozoic therians were small and may have resembled mod- 
ern shrews in their general structure and way of life. Early 
therian mammals are known primarily from isolated teeth 
and jaws. The cusps of the molar teeth of Kuehneotberium 
are arranged in the pattern of an obtuse triangle. The 
apex of the upper molar faces medially and that of the 
lower faces laterally. The edges of the teeth shear trans- 
versely past one another as the jaws are closed. The lower 
molar has a small posterior heel or talonid. 

Early marsupials and placentals are characterized by 
tribosphenic molars in which the upper molar has three 
principal cusps — the apical protocone, an anterior para- 
cone, and posterior metacone — arranged as an acute angle 
triangle or trigon. The lower molar has a similarly tri- 
angular pattern of cusps anteriorly that is dominated by 
the protoconid, paraconid, and metaconid. The posterior 
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talonid is outlined by the entoconid, hypoconid, and me- 
taconid. In Kuehneotherium, the upper molar lacks a pro- 
tocone and the trigon is outlined by the paracone (in the 
apical position), the metacone, and an anterior stylocone. 
The cusps of the lower trigonid are the same as in later 
therians, but there is only a single talonid cusp, the hy- 
poconulid. 

Kuehneotherium belongs to a group known as sym- 
metrodonts that extended, with little diversity, into the 
Upper Cretaceous. The Jurassic pantotheres have sharply 
triangular trigonids and a large talonid that approaches 
the condition in marsupials and placentals. The genus 
Peramus from the Upper Jurassic appears close to the 
ancestry of the later therians. 

In the ancestors of marsupials and placentals, the 
upper molar teeth became enlarged transversely and pro- 
gressively increase the number of shearing surfaces. The 
protocone developed on a newly formed apical surface 
by the Lower Cretaceous. The most primitive mammals 
that have a large-basined talonid for occlusion with the 
protocone are placed in a group termed therians of me- 
tatherian-eutherian grade, since they cannot be classified 
with either of the modern groups. 

Marsupials and placentals probably diverged from a 
common ancestor in the early Cretaceous. Marsupials are 
first known in the Upper Cretaceous of North America 
but may have originated in Central or South America and 
then migrated to Australia. Primitive didelphid marsupials 
reached Europe from North America in the early Tertiary, 
and a few spread into Northern Africa and as far east as 
central Asia. These lineages apparently became extinct 
without having radiated significantly. 

Marsupials radiated extensively in both South Amer- 
ica and Australia during the Cenozoic. Didelphoids rep- 
resent a central stock in South America from which nu- 
merous other families evolved, including the 
microbiotherids, which are characterized by greatly en- 
larged auditory bullae; the carnivorous borhyaenoids; and 
the insectivorous and rodentlike caenolestoids, polydol- 
opoids, and argyrolagoids. 

When marsupials first appeared in the fossil record 
of Australia in the late Oligocene, they were already very 
diverse and the interrelationships of the various lineages 
have not been satisfactorily established. The dasyuroids 
appear to form an ancestral stock that is comparable to 
the didelphoids in the New World. The carnivorous Tas- 
manian wolf and Tasmanian devil converge closely on the 
pattern of the South American borhyaenoids. All other 
Australian marsupials are specialized in having digits 2 
and 3 greatly reduced and incorporated in a single sheath 
of tissue. This condition is termed syndactyly. The per- 
ameloids or bandicoots retain three to five incisors and 
are unique among marsupials in having a chorioallantoic 
placenta. The diprotodonts include three groups that are 
represented in the modern fauna by the wombats, koalas, 
phalangeroids, and kangaroos. The small, arboreal phal- 
angeroids may most closely resemble the ancestral pattern 


of this assemblage. We know most of the modern families 
from the early Miocene. Several important groups were 
common in the middle and late Tertiary but are now 
extinct. Among the phalangeroids, the thylacoleonids were 
the size and proportions of a leopard, with premolar teeth 
in the form of gigantic shearing blades. Other diproto- 
donts are primarily herbivorous, but Thylacoleo appears 
to have been a carnivore. The diprotodontids and palor- 
chestids were sheep- to hippopotamus-sized relatives of 
the wombats and were common from the Upper Oligo- 
cene to the late Pleistocene. Kangaroos are known from 
the middle Miocene, but the radiation of the large modern 
species appears to have occurred within the past 5 million 
years. 
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The Radiation of 
Placental Mammals 


Placental reproduction 

Since the end of the Mesozoic, placental mammals 

have been the dominant terrestrial vertebrates on all 
continents except Australia and Antarctica. In most fea- 
tures of the skeleton, soft anatomy, and physiology, mar- 
supial and placentals appear to be very similar, and many 
species have adapted to nearly identical ways of life (Hun- 
saker, 1977; Stonehouse and Gilmore, 1977; Tyndale- 
Biscoe, 1973). Nevertheless, the pattern of reproduction 
is fundamentally different in the two groups. Despite the 
loss of the shell, all marsupial young are born at a very 
immature stage of development that is comparable to that 
of monotremes (Figure 20-1). The young of the giant 
kangaroo weigh less than 1 gram and are no more de- 
veloped than the embryo of a comparably sized placental 
12 days after fertilization. Extremely small placentals such 
as shrews and many rodents also give birth to hairless, 
blind, initially ectothermic young because of the impos- 
sibility of maintaining a high body temperature by very 
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(a) ( b ) 


Figure 20-1. NEONATES OF MONOTREMES AND MARSUPIALS 
4 HOURS AFTER BIRTH. ( a ) The echidna Tachyglossus. ( b ) The kan- 
garoo Macropus. From Kirsch, 1977. By permission of the Zoological 
Society of London. 

small animals, but the young of most placentals are much 
more highly developed and many are able to move about 
and fend for themselves soon after birth, although they 
may depend on their mothers’ milk for a significant period 
of time. 

Subjectively, it seems obvious that the pattern of re- 
production of placental mammals is more advanced than 
that of marsupials and may be related to the dominance 
of placentals in most parts of the world for the last 65 
million years. It is more difficult to understand what spe- 
cific selective advantages there may have been for the 
initial stages in the origin of the placental pattern of re- 
production and how a long gestation period became pos- 
sible (Rodger and Drake, 1987). 

Lillegraven (1969, 1975, 1979, 1984) has treated this 
subject in detail. It is hazardous to extrapolate aspects of 
reproductive and metabolic physiology from modern 
mammals back to their early Cretaceous antecedents, but 
several significant advances that are evident in all placen- 
tals must have been initiated before the differentiation of 
the modern orders in the Upper Cretaceous. 

Lillegraven points out two important features that 
provide a selective advantage for nearly all placentals over 
their marsupial counterparts. Although the energetic cost 
of gestation is much lower in marsupials because of the 
small size of the neonate, the total cost of raising the young 
to the point of independence is higher because the met- 
abolic cost of the long period of lactation is higher in 
marsupials. In addition, the time required for maturation 
is longer in most marsupials, so that their capacity for 
reproductive increase is lower than that of placentals. 
Among animals of similar body size and living in the same 
environment, placentals are more efficient in making use 


of resources and have the potential to reproduce more 
rapidly. Lillegraven (1984) and Parker (1977) suggest that 
a long period of intrauterine development may also be 
necessary for the elaboration of the higher brain centers 
that are a conspicuous feature of placentals but are much 
less evident in marsupials. 

One of the reasons for more rapid maturation among 
placentals is that development occurs more quickly in the 
uterus than it does in the pouch of marsupials. In addition, 
there are significant differences in intrauterine metabo- 
lism. In both groups, the first ten days to two weeks of 
embryonic development are relatively slow because of the 
reliance on nonoxidative metabolism. Birth follows soon 
after this period in marsupials. Among placentals, the 
remainder of development is more rapid as a result of a 
shift to oxidative metabolism. This shift is made possible 
by the more intimate association with the maternal cir- 
culation that is provided by the chorioallantoic placenta. 
Most marsupials have a choriovitelline placenta that is 
much less effective in the transfer of oxygen from the 
mother to the embryo. Perameloids are exceptional in 
having an allantoic placenta, but it lacks the villae that 
characterize that of placentals. Marsupials probably could 
not maintain such intimate contact between the mother 
and the embryo even if they had more effective placen- 
tation because of the problem of tissue incompatability. 

As placentals, we take for granted our long period 
of intrauterine development, which, in fact, depends on 
the evolution of entirely new developmental processes. 
Since all mammalian embryos combine the genetic ma- 
terial of both parents, their proteins will be recognized as 
foreign tissue and would be expected to be rejected by 
the mother. This problem does not occur among mar- 
supials since their period of active development is so short 
that there is not time for the rejection process to occur. 

How do placentals solve this problem? 

Early developmental stages in placental mammals differ 
from those of all other vertebrates. The egg is very small 
and yolk poor in both marsupials and placentals (Figure 
20-2). In placentals, the fertilized egg divides repeatedly 
to form a mass of cells. It then separates into an outer 
layer of cells and an inner cell mass. The inner cell mass 
forms all the tissue of the developing embryo. The outer 
layer, termed the trophoblast, is unique to placentals. It 
has many functions. It digests its way into the uterine 
mucosa; it secretes the hormone chorionic gonadotro- 
phin, which signals the corpus luteum and pituitary that 
implantation has occurred; and, most important, its cells 
form an active barrier between the maternal and embry- 
onic tissue to prevent rejection (Kaufman, 1983). Lille- 
graven (1975, p. 720) states “The ‘invention’ of the troph- 
oblast tissue by primaeval eutherians was probably the 
single most important evolutionary event in the history I 
of the infraclass.” The evolution of the trophoblast would I 
allow longer and more intimate placentation, even if the I 
structure of the placenta were of a marsupial type. Once 
rejection was not a problem, selection could act to im- I 
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chorio-allantoic 
/ placenta 



Figure 20-2. EARLY DEVELOPMENTAL STAGES OF MARSUPI- 
ALS AND PLACENTALS. ( a to e ) Marsupial development from fertil- 
ized egg, proliferation of endodcrm, and formation of blastocyst, (f to 
/') Placental development including elaboration of trophoblast, which 
acts to prevent rejection. From I.illegraven, 1 969. 

prove the efficiency of the placentation and allow more 
rapid and complete development of the embryo. 

There is no evidence of how the trophoblast may 
have evolved, nor is there any way in which its presence 
might be reflected in the skeletal remains of Mesozoic 
mammals. We find fossils in the Cenozoic that show em- 
bryos within the mother’s body, but this is long after the 
original diversification of placental mammals. 


Upper cretaceous 

EUTHERIANS 


S ANTONIAN AND CAMPANIAN 
MAMMALS FROM MONGOLIA 

Placentals probably became phylogenetically distinct from 
ancestral marsupials within the Lower Cretaceous, but 
the earliest well-dated and positively identified eutherians 
come from the Upper Cretaceous (Santonian and Cam- 
panian) of Mongolia. They have been described in a series 
of papers by Kielan-Jaworowska (1984c and references 
therein). The earlier discoveries were reviewed by Kielan- 
Jaworowska, Bown, and Lillegraven (1979). 

Four genera are known from nearly complete skulls. 
Kennalestes and Asioryctes (Figure 20-3) appear to be 
almost ideal structural ancestors for later eutherian mam- 
mals. Among living genera, the closest overall resem- 
blance lies with the tree shrew Tupaia. The genera Ba- 
runlestes and Zalambdalestes represent a more specialized, 
divergent lineage. The skulls of Kennalestes and Asior- 
yctes are slender and about 3 centimeters long; the brain- 
case is narrow and there is no separation between the 
orbit and the temporal region. In contrast with Morgan- 
ucodon, the squamosal contributes significantly to the 
wall of the braincase. The zygomatic arch is long and 
slender. As in more primitive mammals, the auditory bulla 
is not ossified. The ectotympanic (reptilian angular) forms 
a simple ring to support the ear drum that is oriented at 



Lower cretaceous 

EUTHERIANS 

I 

Some authors recognize isolated teeth from the Lower 

Cretaceous of Texas (placed in the genus Pappoth- 
erium) as belonging to primitive placentals (Fox, 1975). 
Eutherians that are informally designated as “ Proken - 
nalestes” and “ Prozalambdalestes have been listed as 
part of a fauna of early Cretaceous mammals from Mon- 
golia, but they have not yet been figured or described 
(Beliajeva, Trovimov, and Reshetov, 1974). 


(b) 



annulus 

Figure 20-3. UPPER CRETACEOUS PLACENTALS FROM MON- 
GOLIA. ( a ) Kennalestes. ( b ) Asioryctes. From Kielan-Jaworowska, 1980. 
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only a slight angle from the horizontal. Ear ossicles arc 
not preserved; they were probably much smaller than in 
Rhaeto-Liassic mammals. The vestibular foramen opens 
at the base of the external auditory meatus, a groove 
formed in the squamosal just behind the glenoid. The 
posterior wall of the glenoid forms a ridged postglenoid 
process, behind which opens the postglenoid foramen, 
through which drained the external jugular vein. The pos- 
terior portion of the otic capsule is visible ventrally and 
posteriorly as the mastoid process. 

The base of the braincase is well preserved in Ba- 
runlestes and Zalambdalestes (Figure 20-4) and is readily 



Figure 20-4. (a) Ventral view of the skull of Zalambdalestes and ( b ) 

the base of the braincase of Barunlestes, both from the Upper Cretaceous 
of Mongolia x 2. Abbreviations as in Figure 8-3. (a) From Kielati- 
Jaworowska, 1 984a; (b) from Kielan-jatvorowska and Trofimov, 1 980. 


compared with that of Morganucodon. The skull pro- 
portions and dentition of Barunlestes have diverged some- 
what from the pattern of the most primitive eutherians, 
but the braincase appears to have retained a primitive 
configuration. A progressive shortening of the skull be- 
tween the otic capsule and the back of the palate has been 
evident from advanced therapsids through the early Jur- 
assic mammals. This area is further shortened in the early 
eutherians, but it is still significantly longer than in mod- 
ern placentals. 

The basisphenoid extends laterally to form the floor 
of the anterior portion of the cavum epiptericum anterior 
to the otic capsule. It is pierced posteriorly by foramina 
for the carotid and stapedial arteries. Just posterior to 
these openings, the floor of the otic capsule forms a con- 
spicuous promontory below the cochlea. In many euthe- 
rians, this structure is grooved for the passage of the prom- 
ontory artery, a branch of the internal carotid. There is 
no groove in this position in the earliest eutherians and 
the artery probably passed medial to the otic capsule. The 
presence of a promontory artery in later placentals is 
thought to result from a lateral shift of the medial branch 
of the internal carotid (Presley, 1979). 

Kielan-Jaworowska (1984b) described endocasts of 
Kennalestes and Asioryctes that show that the brain was 
primitive for therian mammals, with very large olfactory 
bulbs, cerebral hemispheres that were widely separated 
posteriorly, large midbrain exposure, and a comparatively 
short and wide cerebellum (Figure 20-5). If the rhinal 
fissure is correctly identified in Asioryctes, the neocortex 
is very small. The encephalization quotient is 0.36 for 
Kennalestes and 0.56 for Asioryctes. The cochlea has the 
shape of a crescent consisting of only one whorl. 

The dentition of Kennalestes and Asioryctes appears 
to illustrate the most primitive condition for placentals. 
Asioryctes retains five upper and four lower incisors, as 
in early marsupials, but the number is reduced to four 
and three in Kennalestes. The canine is double rooted, a 
specialization relative to more primitive therians but re- 
tained in some later eutherians. The adults of both genera 
have four premolars and three molars, but the deciduous 
dentition of Kennalestes retains five premolars. McKenna 
(1975) argued that this is probably the primitive condition 
for placentals, although reduction to four or fewer pre- 
molars occurs in almost all later members of this group. 

In contrast with marsupials, the last premolar in early 
placentals may primitively be semimolariform. In Ken- 
nalestes, the general outline of this tooth somewhat re- 
sembles the first molar, but there is no metacone on P 4 
or metaconid on P 4 . The last lower premolar has an ab- 
breviated talonid without a basin and only a single tri- 
gonid cusp. The upper molars are wider than those of 
early marsupials but tend to have narrower stylar shelves 
and less conspicuous stylar cusps. A lingual cingulum is 
present, but it is not prominent. In the lower molars, the 
paraconid is markedly smaller than the protoconid and 
metaconid, in contrast with their more equal proportions 
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Figure 20-5. TEETH OF KENNALESTES. (a) Upper teeth in occlusal 
view. ( b ) Upper teeth in buccal view, (c) Lower teeth in occlusal view. 
(d) Lower teeth in lingual view, (e) Dorsal view of the endocast of 
Asioryctes. (f) Lateral view of the endocast of Zalambdalestes. (a to d) 
From Kielan-Jaworowska, 1968; (e and f) from Kielan-Jaworowska, 
1984. 


in marsupials. The trigonid appears antcroposteriorly 
compressed relative to the long talonid. 

The angular process of the dentary is inflected as in 
marsupials, and there is still a trace of the coronoid bone 
at the base of the high coronoid process. 


The entire skeleton can be reconstructed in Zalamb- 
dalestes (Figure 20-6), but the fusion of the limb bones 
and elongation of the metapodials are specializations that 
are not encountered in other primitive placentals. Less is 
known of the postcranial material of Asioryctes, but it 
appears to represent more closely the primitive condition 
for placentals. In Asioryctes (Figure 20-7), the atlas arches 
are fused dorsally, but the intercentrum is no more than 
suturally attached and may remain a distinct ossification. 
The carpus is comparable to the most primitive living 
eutherians and lacks the grasping specializations seen in 
living didelphids. The scaphoid, lunar, and centrale, which 
fuse in some later placentals, remain separate in Asior- 
yctes. The astragalus is primitively lateral rather than di- 
rectly dorsal to the calcaneum, and the hallux is not op- 
posable. The shoulder girdle in Zalambdalestes is typical 
of therians in the presence of a scapular spine and the 
loss of distinct coracoid elements and the interclavicle. 

Animals with an anatomy like Kennalestes and Asior- 
yctes could have given rise to nearly all subsequent pla- 
centals. They have been placed in an ill-defined assem- 
blage, the “Proteutheria,” which is considered a stem group 
that includes the ancestors of most, if not all of the later 
placentals. 

In Zalambdalestes and Barunlestes (Figure 20-8), the 
snout is much more elongate than that of Kennalestes and 
Asioryctes, the upper incisors are reduced to three, and 
the first lower incisor is procumbent and greatly enlarged, 
grossly resembling the pattern of South American caen- 
olestoids and polydolopids. The postcranial skeleton shows 
a number of specializations in common with living ri- 
cochetal rodents. The mobility of the cervical vertebrae 
is limited by the great posterior extension of the neural 
spine of the axis. The hind limb is much longer than the 
front and the fibula is extensively fused to the tibia. Other 
skeletal features are advanced over the condition in Asior- 
yctes but are closer to the pattern in later eutherians. The 
intercentrum of the atlas is suturally attached to the neural 
arch. The astragalus is fully dorsal to the calcaneum and 
has a well-developed tibial trochlea. Kielan-Jaworowska 
(1975) suggested that Zalambdalestes may have possessed 
marsupial bones. 



Figure 20-6. POSTCRANIAL SKELETON OF THE UPPER CRE- 
TACEOUS PLACENTAL ZALAMBDALESTES. Restoration is partly 
based on skeletal elements of Barunlestes, xi. From Kielan-Jawo- 
rowska, 1978. 




5 mm 

Figure 20-7. POSTCR ANIAL ELEMENTS OF ASIOR YCTES. (a) At- 
las arch in anterior view (intercentrum is not yet fused), x 4. ( b ) Second 
cervical to first thoracic vertebrae, x4. (c) Right carpus and metacarpals 
in dorsal view. ( d and e) Comparable view of the carpus of Tettrec and 
Didelphis, x 1.5. (f) Ventral view of Asioryctes, x5. Pisiform is re- 
constructed. (g) Right tarsus and metatarsals of Asioryctes in dorsal 
view, x4. (h and i) Comparable views of Didelphis ( x .5) and Tupaia 
( x .6). Abbreviations as follows: as, astragalus; c, capitatum; cal, cal- 
caneum; ce, centrale; ct, calcaneal tuberosity; cu, cuboideum; cuf, cu- 
boid facet; f, fibula; h, hamatum; ic, intermedial cuneiform; 1, lunatum; 
Ic, lateral cuneiform; me, medial cuneiform; n, naviculare; paf, plantar 
astragalar foramen; pi, pisiform; pp, praepollex; pt, peroneal tubercle; 
r, radius; s, scaphoideum; st, sustentacular facet; triq, triquetrum; t, 
tibia; tos, tuber ossi scaphoidei; tr, trapezoideum; tra, trapezium; u, 
ulna; 1, II, III, IV, V, metacarpals and metatarsals. From Kielan-Jawo- 
rowska, 3 977. 



Figure 20-8. Lateral view of the skulls of (a) Zalambdalestes and (b) 
Barunlestes from the Upper Cretaceous of Mongolia, x 2. From Kielan- 
Jaworowska, 1980. Upper dentition of Zalambdalestes in (c) occlusal 
and (d) labial views. From Kielan- Jaworowska , 1968. (e and f ) Lower 
dentition of Zalambdalestes in occlusal and lingual views. From Kielan- 
Jaworowska, 1 968. (g) Atlas vertebra of Barunlestes in anterior view. 
(h) Hand of Barunlestes in dorsal view. {(') Reconstruction of tarsus of 
Zalambdalestes. (g to i) From Kielan-Jaworowska, 1 97 8 . Abbreviations 
as in Figure 20-7, plus: se, sesamoid bone; si, scapholunatum; tt, tuber 
tibialis. 
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MAASTRICHTIAN MAMMALS 

We find a relatively diverse placental fauna in the western 
parts of Canada and the United States at the end of the 
Maastrichtian that continues without a break into the 
early Cenozoic (Archibald, 1982; Clemens, 1973; John- 
ston and Fox, 1984; Sloan and Van Valen, 1965; Van 
Valen 1978). The remains are almost entirely limited to 
jaws and teeth, but they demonstrate the first stages in 
the diversification of Cenozoic mammals. 

The most conservative genera are Cimolestes (Figure 
20-9), Procerberus, and Gypsonictops, whose teeth retain 
the general pattern seen in Kennalestes and Asioryctes. 
Paranyctoides (Fox, 1984) shows the early appearance of 
true insectivores. The greatest variety occurs among the 
condylarths, an archaic group of herbivores that is akin 
to the hoofed mammals of the Tertiary. The most com- 
pletely known genus is Protungulatum, whose remains 
include a complete lower jaw with most of the teeth in 
place (see Chapter 21). The teeth are clearly distinct from 
those of the “proteutherians” in the blunt nature of the 
cusps, the more rectangular appearance of the crown, and 
the more equal height of the trigonid and talonid of the 
lower molars. All of these features are associated in living 
mammals with feeding on plant material. Perhaps the 
most surprising discovery within the Upper Cretaceous is 
the presence of a single tooth of a very primitive primate 
Purgatorius. 





Figure 20-9. JAWS AND DENTITION OF CIMOLESTES, a primi- 
tive placental from the Upper Cretaceous of North America, (a) Occlusal 
view of maxilla with P 4 and M 1 ' 2 , X 3. (b) Medial, (c) occlusal, and ( d ) 
lateral views of lower jaw, x2J. From Clemens, 1973. 


A single tooth of questionable affinities provides the 
only evidence of Cretaceous eutherians in Europe. In South 
America, they are represented by Perutherium, which is 
known by a jaw with two teeth that may belong to the 
ungulate order Notoungulata (Marshall, de Muizon, and 
Sige, 1983). 


The beginning of the 

CENOZOIC MAMMALIAN 
RADIATION 

The extinction of dinosaurs left vacant a broad range 

of adaptive zones that were subsequently occupied 
by therian mammals. The early record is best documented 
in North America, with considerable information avail- 
able from Europe and much less from the rest of the world 
(Savage and Russell, 1983). The earliest Tertiary euthe- 
rians were small forms that resembled the many early 
insectivorous and omnivorous marsupial groups that are 
known in South America. 

The fossil record at the very base of the Cenozoic 
(Lower Paleocene) remains relatively incomplete, and as 
in the Maastrichtian, most species are known only from 
jaws and teeth. The record rapidly improves in the Middle 
and Upper Paleocene, and by the beginning of the Eocene 
most of the living orders, as well as many extinct groups, 
are fairly well represented (Gingerich and Badgley, 1984). 

The incomplete fossil record in the latest Cretaceous 
and early Cenozoic makes it very difficult to establish the 
nature of the interrelationships among the many groups 
of eutherians found in the later Tertiary. This problem is 
complicated by the fact that the early members of many 
groups differed only slightly in their dentition. If the known 
fossil record of the Upper Cretaceous accurately reflects 
the diversity of placentals at that time, the initial differ- 
entiation of most of the placental orders must have oc- 
curred within approximately 10 million years. 

At least 30 distinct families are recognized by the 
Middle Paleocene. Very few specific interrelationships can 
be documented at present. The limited evidence provided 
by late Cretaceous mammals suggests that there was a 
series of successive radiations in the late Cretaceous and 
early Tertiary (McKenna, 1975; Novacek, 1982, 1986). 
The first radiation occurred prior to the appearance of 
the earliest adequately documented eutherian fossils in 
the Upper Santonian or Lower Campanian of Mongolia 
and resulted in two major lineages, represented by Ken- 
nelestes and Asioryctes on the one hand and Zalambda- 
lestes and Barunlestes on the other. By the end of the 
Cretaceous, we recognize three additional groups that are 
represented by an ancestral primate, an insectivore, and 
a variety of condylarths. 

During the latest Cretaceous and early Tertiary, each 
of these lineages underwent further diversification. The 
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descendants of the condylarths include the modern orders 
Artiodactyla, Perissodactyla, Tubulidentata (the aard- 
vark), Proboscidia, Sirenia, Hyracoidea, and the Cetacea, 
as well as a host of extinct groups. The Carnivora, Creo- 
donta (an extinct group of carnivores), and an assemblage 
including primates, tree shrews, insectivores, bats, and the 
flying lemur may have diverged from an earlier radiation 
whose ancestors closely resemble Asioryctes and Kenne- 
lestes. 

McKenna (1982) postulated that the lagomorphs, ro- 
dents and elephant shrews might share a common ancestry 
with the Upper Cretaceous genera Zalambdalestes and 
Barurtlestes, but this connection has not been fully doc- 
umented. Of even greater uncertainty is the ancestry of 
the Xenarthra and Pholidota (pangolins or scaly ant- 
eaters), which may have been the first of all eutherian 
groups to differentiate. The characters of the early mem- 
bers of these groups are so specialized that their affinities 
remain subject to controversy. 

On the basis of a large number of cranial features of 
Cenozoic mammals, Novacek (1986) hypothesized a hi- 
erarchical arrangement involving all major placental groups 
(Figure 20-10). This work provides an extremely valuable 
basis for establishing supraordinal relationships. Unfor- 
tunately, this publication was received too late for effec- 
tive integration in this text. 


PROBLEMS OF CLASSIFICATION 

A better understanding of the radiation of early placentals 
remains a major challenge to paleontologists. Many of 
the conspicuous characteristics of early eutherians are either 
primitive in nature (and so of little use in establishing 
specific interrelationships) or are unique to each group. 



Figure 20-10. COMPUTER-GENERATED CLADOGRAM OF LIV- 
ING EUTHERIAN GROUPS PLUS LEPTICT1DS. Cladogram is based 
on 104 cranial characters described in detail by Novacek, 1986. 


To establish relationships among these groups, it is nec- 
essary to recognize derived features that are common to 
two or more distinct lineages. 

The Upper Cretaceous placentals, especially Asior- 
yctes and Kennalestes, provide a strong basis for estab- 
lishing the polarity of character transformation. Nearly 
all of the skeletal characters of these genera are primitive 
for eutherians, if we judge by out-group comparison with 
early therians and the character distribution seen in later 
placentals. 

Novacek (1980) tabulated a number of character states 
that are recognized as primitive for eutherians and show 
a more derived condition in various early Tertiary groups 
(Table 20-1). 

Some structural complexes seem especially important 
in evaluating possible relationships among early euthe- 
rians. Among these are features of the auditory bulla and 
carotid circulation. In most mammals, the main artery 
that brings blood to the brain is the internal carotid. Mat- 
thew (1909) hypothesized that in primitive mammals this 
vessel diverged into two branches, one that passed medial 
to the otic capsule and a more lateral branch that passed 
through a groove near the crest of the promontory be- 
neath the cochlea. These are termed the medial and prom- 
ontory branches of the internal carotid. More derived 
mammals were thought to have lost one or the other of 
these vessels. More recent evidence from both the fossil 
record of early eutherians (Kielan-Jaworowska, 1981) and 
developmental studies of modern mammals (Presley, 1979) 
indicates that the presence of the carotid in a medial po- 
sition was the primitive condition and that the promon- 
tory position resulted from a lateral shift during devel- 
opment. There is no evidence that any mammal had both 
branches. Another major vessel in the area of the auditory 
capsule is the stapedial artery, which diverges from the 
internal carotid. The relative size of these two branches 
is important in the classification of primates (Szalay and 
Delson, 1979). 

Even more variable, and so potentially more useful 
in classification, is the way in which the auditory bulla 
develops. In primitive therians, the bulla is not ossified. 
The middle ear chamber is covered by a thin membrane 
of connective tissue that is attached to the medial surface 
of the dermal tympanic ring. The primitive condition is 
retained in some marsupials and primitive placentals. Most 
eutherians develop an ossified structure that may be formed 
by outgrowths from any of a number of surrounding bones 
or by completely separate areas of ossification. Novacek 
(1977b) outlined these patterns. MacPhee (1981) dis- 
cussed in detail the pattern in primates and possibly re- 
lated groups. 

The bulla may form from any of the following bones 
that are adjacent to the otic capsule: the alisphenoid (a 
common contributor in marsupials), the tympanic ring (a 
dermal ossification frequently termed the ectotympanic), 
the petrosal, or the basisphenoid. Alternatively, the bulla 
may form from one or more separate centers of ossifi- 
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TABLE 20-1 Primitive Traits of Early Placentals 
Cranial 

Carotid artery in medial position 
Occiput not posteriorly expanded 
Auditory bulla not ossified 

Ectotympanic annular and inclined at an acute angle to the 
horizontal plane of skull 

Jaw condyle distinctly lower than coronoid process 
Postglenoid foramen retained 

Origin of temporalis muscle extending anteriorly over 
frontal 

Palatal fenestrae absent 
Nasals broad posteriorly 
Infraorbital canal long 
Zygomatic arch complete, with large jugal 
Postorbital process of frontal absent 
Anterior opening of alisphenoid canal confluent with 
foramen rotundum 
Supraorbital foramen absent 

Foramen rotundum confluent with sphenorbital foramen 

Optic foramen small 

Suboptic foramen present 

Maxilla orbital wing small or absent 

Fronto-maxillary contact absent 

Palatine orbital wing extensive 

Lacrimal-palatine contact extensive 

Lacrimal facial wing large 

Single lacrimal foramen exits par facialis 

Orbitosphenoid large 

Alisphenoid orbital wing small 

Postcranial 

Scapula fossae narrow, shallow, subequal in area 
Manubrium of sternum not enlarged 
Deltopectoral crest on humerus strong 
Entepicondylar foramen present 
Ulna robust, with sigmoid lateral curvature 
Pelvic-sacral fusion limited 

Greater trochanter prominent, exceeding height of femoral 
head 

Lesser trochanter large, lamelliform 
Tibia-fibula broadly separate 

Distal elements of forelimbs and/or hind limbs not 
markedly elongate 
Scaphoid and lunate unfused 
Os central present 
Metatarsals not greatly elongated 
No metatarsals significantly reduced 
Calcaneal fibular facet pronounced 
Superior astragalar foramen present 

Dara primarily from Novacek, 1980. 


cation termed entotympanics, which are frequently dif- 
ferentiated as rostral or caudal, depending on whether 
they are anterior or posterior in position. 

The bulla is cartilaginous in a few genera. This pat- 
tern might appear to be primitive but its presence in only 
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a few genera that belong to distantly related groups in- 
dicates that this condition is derived rather than primitive. 
The distribution of different patterns of ossification of the 
auditory bulla is shown in Table 20-2. A particular pat- 
tern, once evolved, appears to be retained with little change 
and so may be important in confirming relationships within 
each major group. However, particular orders may show 
more than one pattern. There is a broad correlation with 
the relationships of the orders based on their dentition, 
but the absence of a bulla in primitive members of many 
lineages indicates that the ossification of this structure has 
occurred separately many times. Similar elements may 
have been incorporated independently in many separate 
groups. 

The detailed structure of the cheek teeth remains the 
primary basis for establishing relationships among the 
early placentals. The structure and function of the teeth 
in Kennalestes, Asioryctes, and Cimolestes appear to rep- 
resent a generally primitive pattern for eutherians. A few 
Cenozoic genera retain the fifth premolar, but in most 
orders, the primitive dental formula is 

3 14 3 

3 1 4 3 

McKenna (1975) argued that the loss of the fifth premolar 
may have occurred in different ways in different groups 
of placentals, but this pattern is not clearly established. 
In contrast with the Upper Cretaceous genera, the canine 
is almost always single rooted. In primitive genera, the 
last premolar is clearly distinguished from the first molar 
but may become increasingly molariform in derived groups. 
The molar cusps are initially tall and sharp. The upper 
molars are triangular in outline with little development 
of cingula, and the talonid of the lower molar is much 
lower than the trigonid cusps. 

In derived groups, this pattern is modified in various 
ways. Animals that specialize in feeding on larger prey 
typically develop longer shearing surfaces on the molars 
and/or premolars. The posterior molars may be reduced 
or lost but, where present, retain sharp cusps. The incisors 
are retained and the canines may be much enlarged. 

The molar teeth of omnivores and herbivores become 
bulbous and more nearly square in occlusal view and 
frequently develop a new cusp from the cingulum, the 
hypocone, posterior to the protocone. The talonid and 
trigonid of the lower molars become more nearly equal 
in height. 

The teeth of herbivores may become further special- 
ized by the development of lophs and crests to break up 
the food and increase their height to compensate for wear 
(hypsodonty). The most specialized condition is the ca- 
pacity for continuous growth of the teeth, which is achieved 
by rodents and rarely by other groups. This condition is 
judged in fossils by the failure of the roots to close. 
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TABLE 20-2 Major Components of the Auditory Bulla in the Mammalian Orders 


Marsupialia 

Primitive placentals: Kennalestes, 
Asioryctes 
Leptictids 


No Bulla 
X 
X 


Ectotympanic Entotympanic Petrosal 
Rare 


X 


Alisphenoid Basisphenoid 
X 


Insectivora 

Soricids, some 

X 

X 

Tenrecs, X Tenrecs, 


talpids 



erinaceids erinaceids 

Dermoptera 


X 

X 


Macroscelidea 



X 

XXX 

Scandentia (tupaiids) 



X 


Primates 




X 

Chiroptera 



X 


Creodonta 

X 


Rare 


Carnivora (canids, phocids. 



X 


procyonids, felids, viveriids, 





hyaenids, most mustelids) 





Carnivora (ursids, odobenids, 


X 



Ailurus, lutrine, and 





mephitine mustilids) 





Anagalida 



X 


Rodents 


X 



Lagomorphs 


X 



Artiodactyla 


X 



Perissodactyla 


X 



Mesonychia 



X 


Cetacea 


X 



Proboscidea 


X 



Hyracoidea 



X 


Toxodonta 


X 



Notoungulata 


X 



Pholidota 



X 


Palaeanodontidae 



X 


Edentata 



X 


The following genera have cartilaginous bulla: the rr 

legachiropteran bats Pteropus, Acerodon, and Boneia ; the edentate Dasypus; 


and the viveriid carnivore Nandinia. 
Data from Novacek, 1977. 


Herbivores tend to reduce or lose the canine and 
frequently the lateral incisors and anterior premolars, 
leaving a long gap, or diastema, between the anterior 
incisors and the remaining cheek teeth. 

These changes can occur in a variety of ways and in 
different sequences, which allows us to recognize many 
different lineages of insectivores, carnivores, and herbi- 
vores. Characteristics of the dentition that form the basis 
for recognition of different genera and families can be 
readily documented, but it remains much more difficult 
to determine what basic similarities can be used to dem- 
onstrate the relationships between groups. 

Teeth once lost are rarely regained, but loss of par- 
ticular teeth (especially the posterior molars) has occurred 
many times in unrelated groups. Cusps once reduced or 
blunted are not likely to reappear or become sharp and 
conspicuous, but new cusps and extensions of cingula may 


evolve separately in different lineages and yet appear very 
similar in position and function. A pattern that superfi- 
cially resembles that of the simple triangular upper molar 
of the most primitive eutherians apparently evolved sep- 
arately in several different lineages of insectivorous mam- 
mals, and many groups of early eutherians evolved very 
large procumbent incisors in the lower jaw. Establishing 
specific homologies of dental patterns may require a more- 
or-less continuous sequence of fossils that represent a par- 
ticular lineage. 

Although the postcranial skeleton is stressed in char- 
acterizing each of the major groups of Cenozoic mam- 
mals, it has not been used in a systematic way to establish 
their interrelationships. Szalay and Decker (1974) pointed 
out that many paleontologists feel that the postcranial 
skeleton is inherently less useful in establishing relation- 
ships because of its greater plasticity relative to the den- 
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tition and the greater tendency to exhibit convergence. 
There is no consistent evidence to support this assump- 
tion, and the taxonomic patterns elucidated from the two 
elements of the anatomy appear generally congruent. 

Given its greater complexity, the entire skeleton ex- 
hibits more features that could be used in classification 
than have been recognized in the dentition. The use of 
the postcranial skeleton depends on associated remains 
that are known for only a relatively small number of 
species. Articulated skeletons are especially rare in the 
early Cenozoic, when the major radiation of placentals 
occurred. 

Nevertheless, elements of the postcranial skeleton are 
certainly useful in distinguishing the major groups 
throughout most of the Cenozoic. The carpals and tarsals 
have proven especially valuable because of the complex 
interrelationship of articulating surfaces that are associ- 
ated with particular modes of locomotion. 

Szalay (1977) used the structure of the astragalus and 
calcaneum to hypothesize supraordinal relationship among 
the eutherian orders and for determining their primitive 
locomotor patterns. Carpals and tarsals may fuse with 
one another or become lost. Heavy graviportal mammals, 
such as the elephant, retain all the toes, but smaller, more 
agile forms tend to loose the lateral digits. Either the 
middle toe or digits 3 and 4 may be emphasized, which 
leads to a mesaxonic or paraxonic condition. 

As our knowledge of the fossil record improves and 
as more detailed anatomical studies are made, it should 
be possible to clarify the interrelationships of the placental 
orders. On the other hand, recent work on the relation- 
ships of tree shrews (Luckett, 1980a) and primates 
(MacPhee, Cartmill, and Gingerich, 1983; Novacek, 
McKenna, Neff, and Cifelli, 1983) suggests that none of 
the criteria now recognized are adequate to establish spe- 
cific relationships between these and other placental or- 
ders, which may reflect a more general problem. 

We know that the initial divergence of most eutherian 
groups occurred within a time span of 10 to 15 million 
years. During this time, at least 30 lineages, which we 
recognize as being distinct at the family level, became 
differentiated. Within this assemblage, common ancestry 
of sister groups could not have lasted, on the average, for 
more than 2 or 3 million years. 

If the successive divergence of these groups occurred 
so rapidly, there may have been little time for the evo- 
lution of significant changes in the skeleton to have oc- 
curred between each point of divergence. It may never be 
possible to establish specific sister-group relationships among 
some groups on the basis of skeletal characteristics. 

Much attention has recently been focused on the use 
of immunological reactions and direct study of the pro- 
teins and nucleic acids for establishing interrelationships 
among the placental groups (e.g., Ciochon and Corruc- 
cini, 1983; Luckett, 1980a; Miyamoto and Goodman, 
1986). There is a general correspondence between the 
phylogenetic patterns established from the fossil record 


and those derived from molecular evidence. Groups with 
well-established affinities are easily recognized by both 
methods, and groups whose specific affinities have long 
been contested on the basis of fossil and anatomical evi- 
dence show a similarly conflicting pattern on the basis of 
molecular data. Both methods reflect the same difficulties. 
Closely related groups that are undergoing rapid, succes- 
sive dichotomous branching have little time to evolve either 
structural or chemical changes that can be detected in 
their descendants. 

Geography 

Another factor that can be used in judging possible 

relationships among Cenozoic mammals is the geo- 
graphical position of the major land masses and seaways 
that may have facilitated or prevented the migration of 
land mammals. In the early Mesozoic, there was a nearly 
continuous world continent, which helps to explain the 
wide distribution of synapsids and the earliest mammals. 

By the late Jurassic, there is evidence of separation 
of a large northern continent, Laurasia (composed of North 
America, Greenland, and Eurasia) from a southern land 
mass, Gondwanaland (made up of South America, Africa, 
India, Antarctica, and Australia). They were separated by 
the Tethys seaway, which extended from the area of the 
present Caribbean through the Mediterranean region and 
across the Middle East to southern Asia. 

During the later Jurassic and early Cretaceous, the 
southern continents began to separate from one another. 
India and Madagascar moved away from Africa approx- 
imately 160 million years ago, followed by the separation 
of India from Antarctica about 150 million years ago, and 
the initial separation of southern Africa and South Amer- 
ica 130 million years ago (Tarling, 1980). During the 
middle Cretaceous, contact was still maintained between 
northeastern North America and northern Europe and 
between Brazilian South America and the bight of Africa 
(see Figure 19-11). 

By the late Cretaceous, the Atlantic Ocean was con- 
tinuous from the Arctic to Antarctica, with at least a 500- 
kilometer gap between South America and Africa. Asia 
and North America established contact across the area of 
the Bering Strait. A chain of islands may have provided 
tenuous connections between North and South America. 
To the south, South America, Antarctica, and Australia 
remained in contact. India was a large island that was 
moving slowly northward toward Asia. 

During the Cenozoic, North America and Europe 
were intermittently in contact (especially to the north) 
(McKenna, 1983a, b). A degree of contact was also main- 
tained between Alaska and Siberia. Although some groups 
were endemic, Asia, Europe, and North America had a 
broadly similar mammalian fauna throughout the Cen- 
ozoic (Simpson, 1965). 



454 


In contrast, South America was effectively isolated 
from North America and Africa throughout the Cenozoic, 
although North American and/or African immigrants en- 
tered South America during the late Eocene and the Mio- 
cene. A solid contact with North America was achieved 
in the late Pliocene. South America was separated from 
Antarctica by the formation of the Drake Passage ap- 
proximately 30 million years ago (Woodburne and Zins- 
meister, 1984). 

Australia became separated from Antarctica during 
the Eocene and was isolated from the rest of the world 
until it approached Asia at the end of the Cenozoic. Ro- 
dents and bats then entered Australia, but the influence of 
the Australian fauna never spread further than Indonesia. 

Africa had tenuous connections with Europe during 
the early Cenozoic, but several groups evolved there in 
apparent isolation until the end of the early Miocene, 
when contact with Asia was established via the Arabian 
peninsula. 


Eutherian mammals 

i n c e r t a e s e d i s 

We can recognize nearly all the modern eutherian 

orders by the early Eocene. Most of the early Cen- 
ozoic mammals can be related to these groups or to the 
major orders of extinct mammals, but a few families re- 
main more difficult to classify. These families were once 
allied with the modern members of the order Insectivora. 
Butler (1972) argued that the families that include the 
shrews, moles, hedgehogs, etc., can be readily defined as 
a monophyletic assemblage and distinguished from these 
more primitive placentals. Following Romer (1966) and 
Butler (1972), other authorities have used a separate su- 
border or order Proteutheria to accommodate both the 
most primitive eutherians and a number of early Cenozoic 
families that cannot be allied with the major orders. The 
Proteutheria is clearly an unnatural assemblage. It seems 
more judicious to admit our ignorance of the specific phy- 
logenetic position of these families and refer to them as 
Eutheria, incertae sedis. Within this assemblage, the apa- 
temyids, pantolestids, and leptictids appear as distinct as 
early members of the different eutherian orders. Only their 
lack of diversity and longevity precludes their recognition 
as taxa of equal rank. 

The taxonomic position of the Leptictidae and Pa- 
laeoryctidae has been particularly difficult to assess. They 
were originally based on early Cenozoic genera, but the 
concept of these families has been extended to embrace 
most or all of the Upper Cretaceous placentals (Kielan- 
Jaworowska, Bown, and Lillegraven, 1979). The content 
and taxonomic position of these families is under review 
by Novacek and McKenna. McKenna and his colleagues 
(1984) classified the palaeoryctids within the order In- 
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sectivora, as defined by Butler (1972), based on evidence 
of the basicranium. There is no strong evidence that either 
of these families has a uniquely close relationship with 
Kennalestes and Asioryctes. These Upper Cretaceous gen- 
era, together with Cimolestes, Procerberus, and Gypson- 
ictops, appear to occupy a position that is close to the 
ancestry of all later eutherians. As such, they are especially 
difficult to classify in an orthodox manner. They too may 
be listed as “Eutheria, incertae sedis,” but a quite different 
phylogenetic position is implied than for the apatemyids, 
pantolestids, and Cenozoic leptictids. 

LEPTICTIDAE 

Work by Novacek (1977a) indicates that leptictids were 
a short-lived group of relatively conservative early Ter- 
tiary forms that left no descendants. They were relatively 
diverse throughout the Paleocene and Eocene and ex- 
tended into the middle Oligocene in North America. Sev- 
eral genera have been described from Europe as well, and 
others may occur in Asia. 

Complete skeletons of several genera have been men- 
tioned in the literature, but none are fully described (Guth, 
1962). The skull is primitive in having an elongate snout 
and retaining the jugal (unlike many true insectivores), 
and the carotid is medial in position (Figure 20-11). They 
are advanced in the incorporation of an entotympanic 
bone in the auditory bulla, but this bone does not form 
a complete covering. Leptictids are unique among pla- 
centals in having a conspicuous triangular exposure of 
the parietal on the occipital surface. 

Among Tertiary genera the primitive tooth count is 

2 14 3 

3 14 3 

Novacek accepts McKenna’s suggestion that the third pre- 
molar has been lost from a primitive count of 5. The 
canine and first premolar are single rooted and the last 
premolar is molariform. The trigonid is anteroposteriorly 
compressed and the talonid has a large shallow basin. The 
teeth retain the primitively sectorial pattern with sharp 
cusps on transversely widened upper molars. 

Where known, the hind limb, especially the tibia, and 
the foot are elongate. In the Oligocene Leptictis, the tibia 
and fibula are fused, which suggests convergence with the 
pattern of Zalambdalestes. 

Gypsonictops from the Upper Cretaceous is the only 
pre-Cenozoic genus to be assigned to the Leptictidae. It 
is primitive in the retention of five lower premolars and 
an inflected angle. It is not thought to be directly related 
to the ancestry of the later genera but links them, in a 
general way, with Kennalestes, which has been included 
in the superfamily Leptictoidea. 

In the most recent appraisal of leptictids, Novacek 
(1986) recognized them as members of a distinct order, 
Leptictida, but placed them in the superorder Insectivora, 
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Figure 20-11. (a) Lateral, (b) dorsal, ( c ) palatal, arid (d) occipital views 

of the Oligocene leptictid Leptictis dakotensis, X :'l . This species retains 
many primitive placental features. From Novacek, 1986. (e). Palate of 
Palaeoryctes, xl. From McDowell, 1958. 

which also includes the families that are grouped here 
within the order Insectivora. 

APATEMYIDAE 


of North America and Europe. Their remains consist pri- 
marily of jaws and teeth. The only adequately known 
cranial remains are those of Sinclairella from the Oligo- 
cene (Figure 20-12). No postcranial elements have been 
attributed to the family. 

Apatemyids arc characterized primarily by the highly 
specialized dentition of the lower jaw, which was already 
established by the early Paleocene. The most distinctive 
feature is the extremely large, procumbent anterior inci- 
sor, which has a curved, spoon-shaped crown and a long 
root. Lateral incisors and the lower canine are lost. The 
most anterior premolar is a large, laterally compressed 
and procumbent tooth that superficially resembles the 
bladelike lower premolar of multituberculates and caen- 
olestoids. The more anterior of the two pairs of upper 
incisors is also greatly enlarged, which gives a generally 
rodentlike appearance to the skull. The upper canine is 
lost, resulting in a short diastema. West (1973) suggested 
that apatemyids may have used their enlarged lower teeth 
like those of the phalangcrid Dactylopsila to pierce and 
slice insect cuticle. 

During the evolution of this group, the lower jaw 
became progressively shorter and deeper. Two of the orig- 
inal four premolars were lost, and the molars reduced in 
size to accommodate the posterior extension of the incisor 
root. The trigonid became lower relative to the talonid, 
and all of the molar cusps were rounded. Apatemyids have 
been allied with ungulates, rodents, primates, carnivores, 
taeniodonts, tillodonts, condylarths, a variety of “insec- 
tivores,” and “proteutherians.” McKenna (1975) asso- 
ciated them with the Carnivora in the “Grandorder” Ferae, 
based on similarities of the molar dentition to Cimolestes, 
as both Szalay (1968) and Lillegraven (1969) previously 
suggested. 



The aptemyids are a rare, but clearly distinct, group that 
is known from the Lower Paleocene into the Oligocene 


Figure 20-12. SKULL OF SINCLAIREI.LA, AN APATEMY1D FROM 
THE OLIGOCENE. (a) Skull in lateral view and ( b ) lower jaw in oc- 
clusal view, x 1. From Scott and Jepsen, 1936. 
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PANTOLESTIDAE 

Pantolestids, which Koenigswald (1980) recently dis- 
cussed, are among the largest of the “proteutherians,” 
with skulls approaching 15 centimeters long. We know 
this group from the Middle Paleocene to the Lower Oli- 
gocene in North America and from the late Paleocene to 
middle Eocene in Europe. The poorly known Oligocene 
family Ptolemaiidae (Butler, 1978) may represent an ex- 
tension of the group into northern Africa. Pantolestes 
from the Middle Eocene of North America shows skeletal 
specializations comparable with those of the sea otter 
toward an aquatic or semiaquatic way of life. Fish remains 
are found within the stomach of the European genus Bux- 
olestes. The broad, low skull also resembles that of the 
seals and sea otters. The dentition of the earliest panto- 
lestids can be derived from that of the Upper Cretaceous 
and Lower Paleocene “proteutherians,” such as Procer- 
berus. The canines are large, and the third upper molar 
is expanded transversely with a hooklike parastylar ex- 
tension. Within the pantolestids, the molars become spe- 
cialized for crushing with lower cusps and a quadrangular 
occlusal surface. The temporal region of the skull becomes 
elongate, probably to accommodate massive jaw mus- 
culature. These features are rapidly accentuated between 
the late Paleocene and middle Eocene. These changes are 
generally associated with feeding on molluscs. 

In addition to these taxonomically isolated families, 
there are several extinct orders, which are limited to the 
lower Cenozoic, that appear to have diverged directly 
from the ancestral eutherians. Their specific origin and 
interrelationships are subject to continuing dispute, but 
they show no derived features in common with any of the 
surviving placental groups. 

T AENIODONTA 

The taeniodonts were among the most highly spe- 
cialized terrestrial placentals of the late Paleocene and 
early Eocene, but the early Paleocene representatives have 
a postcranial skeleton that retains most of the features of 
primitive eutherians (Figure 20-13). 

Onycbodectes, which Schoch (1982) recently de- 
scribed, broadly resembles the living opossum Didelphis, 


Figure 20-13. THE PRIMITIVE TAENIODONT ONYCHO- 
DECTES. (a) Skull and lower jaw in lateral view. ( b ) Upper and lower 
dentition in occlusal view, (c) Skeleton in lateral view. Approximately 
the size of an opossum. From Schoch, 1982. 
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except for its slightly greater size and more robust skel- 
eton. The limbs are moderately long but without evidence 
of cursorial adaptations. They may have been adept at 
climbing and had some capacity for digging. The ulna and 
radius are unreduced and unfused. The carpals are un- 
reduced, unfused, and alternating. One specialization is 
the elaboration of the astragalocalcaneal complex for ex- 
treme plantar flexion, a character shared with the leptic- 
tids, Cimolestes and Procerberus. The feet are plantigrade, 
with five digits each bearing unfissured claws. The tail is 
long and heavy. 

The skull is primitive in the absence of a postorbital 
bar. The dentition is complete, without trace of a dias- 
tema, and the canine is only moderately enlarged. The 
cheek teeth are primitive in their basically tritubercular 
configuration. The premolars are sectorial, but the molar 
cusps are reduced, as would be appropriate in an animal 
that grinds its food. More importantly, the cheek teeth 
are higher crowned than in primitive eutherians, with the 
enamel extending lingually on the upper molars and la- 
bially on the lowers to provide the greater wearing sur- 
faces necessary for an omnivorous to herbivorous diet. 
The upper molars are transversely narrow, with the pro- 
tocones, protoconules, and metaconules small and lin- 
gually placed; the stylar shelves are reduced. In contrast 
with most other herbivorous groups, neither the upper 
nor the lower teeth have cingula primitively, and the hy- 
pocone is absent. 


W 



(c) 
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By the early Eocene, genera such as Stylinodon (Fig- 
ure 20-14) had become highly specialized in their denti- 
tion and postcranial skeleton and reached the size of a 
bear. Patterson (1949) suggested that the rate of evolution 
of the dentition, illustrated through a series of progressive 
stages, may have been among the most rapid in any mam- 
malian group. In Stylinodon, all the teeth are rootless and 
ever growing. One upper and one lower incisor have been 
lost. The canine is by far the largest tooth. Like the in- 
cisors, it bears enamel only on the anterior surface, which 
forms a sharp, chisel-like blade. The canine is greatly 



expanded posteriorly in a manner that is unique among 
mammals to provide a large crushing surface. The pre- 
molars are molariform and all the cheek teeth rapidly lose 
their crowns through wear, so they appear as cylinders 
of dentine with only a thin surrounding edge of enamel. 

The diet of taeniodonts was tough and highly abrasive. 
The well-developed claws, especially on the forelimbs, and 
the elaboration of large areas for muscle attachment 
suggest that they were used for digging food from the 
ground. Schoch suggested that the advanced taeniodonts 
may have resembled the aardvark in digging abilities. 

The fossil record of taeniodonts is entirely limited to 
western North America. Previous reports from other areas 
are based on misidentified specimens. They are not known 
after the middle Eocene. Schoch and Lucas (1981) suggest 
that their rarity in most localities may be due to their 
living in a poorly sampled environment, such as the up- 
lands, away from the typical areas of deposition. 

Lillegraven (1969) and McKenna (1973) suggest that 
taeniodonts may be the sister group of Cimolestes. 

I 

Tillodonts and 

PANTODONTS 

The tillodonts constitute a second group of rare her- 
bivores that were once thought to be closely related 
to the taeniodonts. They too have chisel-shaped anterior 
teeth, but the most highly specialized teeth are the second 
incisors, not the canines. It is clear that herbivorous ad- 
aptations occurred separately in these two groups and not 
from a similarly specialized common ancestor. 

No tillodonts are completely enough known for a 
skeletal restoration, but enough has been collected to in- 
dicate that they were large, massive animals with clawed, 
five-toed, plantigrade feet. The skull of the Eocene genus 
Trogosus (Figure 20-15) was approximately 30 centi- 
meters long. The second incisors are greatly enlarged, 
rootless, and ever growing. Like the incisors of taenio- 
donts, the enamel is limited to the anterior surface. The 



Figure 20-14. THE ADVANCED TAENIODONT STYLINODON. (a) Skull in lateral view, lb) Upper and 
lower dentition in occlusal view, (c) Skeleton the size of a bear. From Schoch, 1982. 
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Figure 20-15. (a) Skull of the Eocene tillodont Trogosus, 30 centi- 
meters long. ( b ) Lower jaw' of Tillodon in occlusal view. From Gazin, 
19S3. By permission of Smithsonian Institution Press, Smithsonian In- 
stitution, Washington, D.C. 

other anterior teeth are reduced or lost, leaving a wide 
diastema anterior to the cheek teeth. The buccal side of 
the lower cheek teeth and the lingual side of the uppers 
are arcuately columnar, while the opposite side bears low 
cusps. They are rapidly worn away, which suggests a 
highly abrasive diet. Gazin (1953) hypothesized a ro- 
dentlike anterior-posterior excursion of the mandible. 

The skull is primitive in the small size of the braincase 
and absence of a postorbital bar, but the basicranium is 
shorter than in primitive eutherians. 

The primitive Upper Paleocene and Lower to Middle 
Eocene genus Estbonyx (Figure 20-16) (Gingerich and 



Figure 20-16. The dentition of the Lower Eocene tillodont, Esthonyx 
x §. From Gazin, 1953. By permission of Smithsonian Institution Press, 
Smithsonian Institution, Washington, D.C. 


Gunnell, 1979; Stucky and Krishtalka, 1983) shows the 
initial elaboration of the second incisors, but a diastema 
has not yet developed. When unworn, the cheek teeth 
show a primitive pattern that is not far removed from 
Upper Cretaceous eutherians, except for greatly expanded 
hypoconal and periconal shelves. 

Tillodonts first appear in the Lower or Middle Pa- 
leocene of Asia, where they may have originated (Chow, 
Chang, Wang, and Ting, 1973; Zhou and Wang, 1979). 
They linger there into the Upper Eocene. They are known 
in North America from the Upper Paleocene into the Mid- 
dle Eocene, and in Europe, only in the Lower Eocene. 

Their origin has been sought among condylarths, an- 
agalids, and with the pantodonts (Gingerich and Gunnell, 
1979). Cifelli (1983), following Gazin (1953), suggested 
that they may have originated from a genus such as Del- 
tatberium (Figure 20-17). This genus is typically placed 
within the condylarths, but Cifelli pointed out that it is 
more primitive in many features of its dentition and cor- 
responds more closely with ancestral eutherians. The up- 
per molar stylar shelf is still wide, with large parastylar 
and metastylar lobes. The protocone is anterior in posi- 
tion, and the trigonid is still substantially higher than the 
talonid. Derived features shared by tillodonts and Del- 
tatherium include reduction of the entoconid and upper 


(a) 



Figure 20-17. SKULL OF THE PRIMITIVE EUTHERIAN DEL- 
TATHERIUM. (a) Lateral and (b) palatal views. This genus has long 
been classified among the ungulates, but the dentition retains the features 
of “proteutherians.” From Matthew, 1937. 
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Figure 20-1 8. Skull of the primitive pantodont Fantolambda, 15 cen- 
timeters long. From Matthew, 1937. 

molar conules and hypertrophy of the upper molar par- 
astylar and metastylar shear surfaces. 

Zhou and Wang (1979) also contend that tillodonts 
had an ancestry that was distinct from condylarths and 
other ungulates. They argued strongly for close affinities 
with a second group of archaic herbivores, the panto- 
donts. Cifelli (1983) also suggested pantodont affinities. 

The pantodonts were a much more diverse and well- 
known assemblage. Eleven families are recognized from 
the Paleocene and they extend into the Lower Oligocene 
in Asia. Early knowledge was based primarily on large 
forms from North America, including the sheep-sized 



Figure 20-19. PANTODONTS. (a) Skeleton of Pantolamhda, x A- (b) 
Skeleton of the clawed pantodont Titanotdes, x A. From Simons, 1 960. 
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Fantolambda (Figure 20-18) and the rhinoceros-sized Ti- 
tanoides (Figure 20-19) and Coryphodon. The limbs are 
short and stout. The feet are generally primitive, with five 
spreading digits. Titanoides bears claws, but other genera 
have small hoofs. 

Our knowledge of pantodonts has recently been greatly 
expanded by the discovery in Asia of a number of smaller 
forms, some as little as a rat (Chow, Chang, Wang, and 
Ting, 1977). Bemalambda is one of the best-known mem- 
bers of the order. Another genus may have had a tapirlike 
proboscis (Ting, Schiebout, and Chow, 1982). 

The dentition is primitively complete without a dias- 
tema. All genera can be recognized by the V-shaped lophs 
on upper premolars 3 and 4, and the w-shaped pattern 
of the molar lophs. The teeth show' relatively little wear, 
which suggests a nonabrasive diet (Coombs, 1983). 

Cifelli suggested that the pantodonts and tillodonts 
evolved separately from forms like Deltatherium. Zhou 
and Wang (1979) suggested a common ancestry in the 
Upper Cretaceous. McKenna (1975) traced pantodonts 
directly to Cimolestes, in common with taeniodonts, but 
associates tillodonts with primitive ungulates. 

Dinocerata 

(UINTATHERES) 

The uintatheres include approximately 15 genera of 

large, graviportal herbivores that have also been al- 
lied with the pantodonts. They were known initially from 
North America (Wheeler, 1961) but much material has 
recently been recognized from Asia (Tong and Lucas, 1982). 
They did not occur in Europe. 

Uintatheres first appeared near the end of the Paleo- 
cene and were common in the Eocene but did not survive 
the end of that epoch. The size and general proportions 
of the postcranial skeleton resemble those of the panto- 
donts; the carpals and tarsals are alternating and the fibula 
does not articulate with the calcaneum (Figure 20-20). 

The skull is very distinctive. In most genera, it bears 
a number of bony protuberances and has greatly elon- 
gated canine teeth. The upper incisors are typically miss- 
ing. The cheek teeth are distinguished by the presence of 
a v-shaped crest on P 3 -M’, with the protocone at the apex 
(Figure 20-21). The lower molars have high trigonids with 
a prominent metalophid. There is no hypolophid, but this 
crest is primitively present in pantodonts. 

Van Valen (1978) proposed that the Dinocerata might 
be derived from loxolophine arctocyonids (which are close 
to the ancestry of perissodactyls). In contrast, Tong and 
Lucas suggested affinities with the anagalids, which are 
otherwise thought to be related to the ancestry of rodents, 
lagomorphs, and elephant shrews. McKenna (1980) pointed 
out resemblances to the Paleocene xenungulates among 
the South American ungulates. Xenungulates (which are 
discussed in Chapter 21, see Figure 21-82) have bilopho- 
dont molars but retain nonmolariform premolars. 
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Figure 20-20. SKELETON OF THE UINTATHERE DINOCERAS. From Gregory, 19S7. 


Wheeler accepted that no known uintathere could be 
derived from known pantodonts but argued that the sim- 
ilarity of the feet, especially the astragalus, and the den- 
tition could be attributed to common ancestry at a more 
primitive level. He also noted specific similarities to the 
Xenungulata. 

We hope that fossils from the early and middle Pa- 
leocene will eventually provide substantial evidence of a 
link between uintatheres and some other group of early 
placentals. 


(a) 



Figure 20-21. CUSP PATTERN OFTHE MOLAR TEETH OF A UIN- 
TATHERE. (a) Left upper molar. (6) Left lower molar. Abbreviations: 
ant cing, anterior cingulum; en d , entoconid; en d cr, entoconid crest; hl d , 
hypoconulid; hl d cr, hypoconulid crest; hy, hypocone; hy d , hypoconid; 
me, metacone; me d , metaconid; ml, metaloph; ms d , metastylid; pa, par- 
acone; pa d , paraconid; post cing, posterior cingulum; pr, protocone; pi, 
protoloph; pr d , protoconid. From Wheeler, 1961 . 


The remaining orders that are considered in this 
chapter, which contribute to the modern fauna, also ap- 
pear to have their origin near the base of the initial pla- 
cental radiation. 

INSECTIVORA 

Biologists have long recognized that shrews, moles, 

hedgehogs, and their less-well-known relatives — the 
tenrecs and African golden mole — are among the most 
primitive living placentals. The brain is small, and the 
cerebral hemispheres are smooth and do not expand over 
the cerebellum. The testes are abdominal, inguinal, or in 
a sac in front of the penis. Some genera retain a cloaca. 
The skull is primitive in the absence of a postorbital bar 
and the auditory bulla is rarely ossified. The number and 
configuration of the teeth in primitive genera resemble the 
pattern in the early “Proteutheria.” The feet are usually 
plantigrade and pentadactyl, with the pollex and hallux 
not opposable. 

Butler (1972) and Novacek (1980) demonstrated that 
these modern groups belong to a monophyletic order that 
is clearly distinct from the primitive “Proteutheria” and 
from tree shrews and elephant shrews, which were once 
included within the Insectivora as the Menotyphla. 

The following are shared derived characters of the 
Insectivora as so restricted. The pattern of the skull wall 
medial to the orbit is modified in association with the 
small size of the eye and the relatively large nasal capsule. 
The maxilla is widely expanded, but the palatine is much 
reduced. The lacrimal has no facial wing. The orbito- 
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sphenoid is anterior to the braincase. The jugal is absent 
or markedly reduced. In several groups, the zygomatic 
arch is lost or incomplete. A postglenoid foramen is usu- 
ally present for passage of the external jugular vein. There 
is a large pyriform fenestra between the otic capsule and 
the basisphenoid and the bony dorsum sellae is absent. 
The pubic symphysis is reduced. 

Butler (1972) recognized four suborders of insecti- 
vores: the Erinaceomorpha (hedgehogs); the Soricomor- 
pha, including Solenodon (a modern genus that is known 
only in the West Indies), moles (Talpidae), and shrews 
(Soricidae); the Tenrecomorpha (the tenrecs); and the 
Chrysochlorida, (the golden mole). These groups are also 
known as the Lipotyphla, in reference to the absence of 
an intestinal caecum. McKenna (1975) and Dawson and 
Krishtalka (1984) united all families other than the hedge- 
hog in a single suborder, Soricomorpha. 

These authors recognize Batodon (Figure 20-22) from 
the Upper Cretaceous of North America as the earliest- 
known soricomorph on the basis of its dentition. Three 
or four families from the early Cenozoic are placed in this 
suborder. The Lower to Mid-Paleocene genus Prosarco- 
don (family Micropternodontidae) provides the oldest 
known cranial remains of this group (McKenna, Xue, and 
Zhou, 1984). It shows affinities with later lipotyphlans 
in having a large pyriform fenestra separating the basis- 
phenoid from the petrosal, and the glenoid fossa of the 
squamosal faces forward as in soricoids. The Micropter- 
nodontidae do not show affinities with later groups of 
soricomorphs, but McKenna and associates (1984) sug- 
gested that they are closely related to the palaeoryctids. 

The closest affinities of Batodon among the early 
Cenozoic soricomorphs apparently lie with the Geolabi- 
didae, a family that extends into the Miocene. According 
to Lillegraven, McKenna, and Krishtalka (1981), the geo- 
labidids are close to the soricoid (other than the talpids). 
This relationship is supported by the transverse expansion 
of the condyle of the dentary, which is not seen in either 






Figure 20-22. BATODON. Lower jaw of the possible soricomorph 
insectivore from the Upper Cretaceous. ( a ) Lateral and [b) occlusal 
views, x3. From Clemens, 1973. 


(a) 



Figure 20-23. SKULL OF APTERNODUS , A PRIMITIVE INSEC- 
TIVORE. (a) Dorsal, (b) lateral, and (c) palatal views. From McDowell, 
1958. 

moles or erinaceids. As in soricids and Solenodon, the 
deciduous dentition appears to be very rapidly replaced. 

The Eocene to Oligocene family Apternodontidae 
(Figure 20-23) may have risen from, or in common with, 
the Geolabididae. According to Dawson and Krishtalka 
(1984), apternodontids include the ancestors of the ten- 
recs and the golden mole, which are known as early as 
the Lower Miocene in East Africa (Butler, 1978). In con- 
trast with Lillegraven and his coauthors, Dawson and 
Krishtalka suggest that Solenodon (which lacks a fossil 
record) may have arisen from the Apternodontidae rather 
than from the Geolabididae. 

Tenrecids, chrysochlorids, and Solenodon are all 
characterized by a distinctive pattern of the upper molars, 
termed zalambdodonty, in which the crowns are in the 
shape of a narrow V and the metacone is lost (Figure 
20-24a). A vaguely similar tooth shape is also present in 
Zalambdalestes, Palaeoryctes, and in the marsupials Nec- 
rolestes and Notoryctes. McDowell (1958) provided strong 
evidence that this pattern evolved independently several 
times among the Insectivora. 

We find the oldest members of the modern families 
Soricidae and Talpidae in the late Eocene (Krishtalka and 
Setoguchi, 1977; Sige, Crochet, and lusole, 1977). The 
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M (b) 



Figure 20-24. ZALAMBDONTY AND DILAMBDONTY AS ILLUS- 
TRATED BY THE UPPER MOLARS OF INSECTIVORES. (a) The 
zalambdont molar of Solenodon and ( b ) the dilambdont molar of Ne- 
sophontes. From McDowell, 1958. 


shrews are first represented by Domnina and the moles 
by Eotalpa (Figure 20-25). In contrast with the views of 
Lillegraven and his colleagues, Dawson and Krishtalka 
(1984) suggest that both shrews and moles can trace their 
origin to the family Nyctitheriidae, which is known only 
from dental remains of mid-Paleocene to early Oligocene 
age. The molars of shrews, moles and nyctitheriids have 
a pattern termed dilambdodont, based on the w-shaped 
configuration of crests formed from the paracone and 
metacone on the lateral edge of the tooth crown (Figure 
20-24 b). Repenning (1967) and more recently George 
(1986) reviewed later Tertiary shrews and their relation- 
ships with living species. 

The earliest known genus that may be included among 
the erinaceomorphs is Paranyctoides from the mid-Upper 
Cretaceous (Fox, 1984). Litolestes from the late Paleocene 



Figure 20-2S. SKULL OF DOMNINA, A LOWER OLIGOCENE 
SHREW, (a) Dorsal, ( b ) lateral, and (c) palatal views. From McDowell, 
1 958. ( d ) Molar tooth of the oldest recognized mole Eotalpa from the 
late Eocene of Europe. From Sige, Crochet, and Insole, 1977. ( e ) Jaw 
of Limnoecus, a Miocene shrew. Note long procumbent incisor. From 
Repenning, 1967. 


illustrates features that characterize the modern family 
Erinaceidae (Novacek, Bown, and Schankler, 1985). The 
molars are rectangular in occlusal outline and decrease in 
size posteriorly. In contrast with soricomorph insecti- 
vores, the cusps are low, which indicates their use in crush- 
ing and grinding rather than piercing. Von Koenigswald 
and Storch (1983) described complete and beautifully pre- 
served skeletons of the erinaceomorph Pbolidocercus from 
the Middle Eocene of Germany. The well-known Miocene 
genus Brachyerix (Figure 20-26) shows the basic cranial 
structure of this family. 

Yates (1984) discussed the distribution of modern 
insectivore families. 

Early erinaceomorphs and soricomorphs have a 
primitive pattern of the ear region, without ossification 
of the bulla, and a median position of the internal carotids 
as in the most primitive eutherians (Novacek, McKenna, 
Neff, and Cifelli, 1983; McKenna, Xue, and Zhou, 1984). 
The dentition of the oldest-known insectivore, Paranyc- 
toides, is similar to that of Cimolestes incisus, which 
McKenna (1975) conjectured was close to the ancestry of 
carnivores, primates, and ancestral ungulates, although 
he was not able to establish more specific interrelation- 
ships among these groups. No more recently discovered 
material has clarified this problem. 



Figure 20-26. BRACHYERIX, A MIOCENE HEDGEHOG FROM 
NORTH AMERICA. Skull in {a) dorsal, ( b ) palatal, and (c) lateral views, 
3 centimeters long. From Rich, 1981. 
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Bats 

Bats are among the most specialized of modern mam- 
mals. All are accomplished flyers, and the insecti- 
vorous microchiropterans have a highly developed sonar 
that enables them to hunt insects in the dark. Like the 
pterosaurs, the flight structure of bats was already highly 
evolved when they first appeared in the fossil record. The 
oldest skeleton of a bat, Icaronycteris from the early Eocene, 
appears almost indistinguishable from living bats (Figure 
20-27). 

The teeth of earlier bats, from the Paleocene of France, 
which Russell, Louis, and Savage (1973) described, show 
a pattern that could be readily derived from that of Upper 
Cretaceous eutherians such as Cimolestes, with trans- 
versely expanded upper molars and the talonid well lower 
than the trigonid. The presence of a w-shaped ectoloph 
corresponds closely to the pattern of mid-Paleocene to 
late Eocene nyctitheriid soricomorphs (Figure 20-28). This 
finding provides the strongest evidence for specific insec- 
tivore-bat affinities and is not contradicted by other skel- 
etal features. 

In the absence of adequate descriptions of the skel- 
etons of primitive insectivores or early Paleocene “pro- 


teutherians,” we cannot establish the specific skeletal pat- 
tern from which bats arose, jepsen (1970) argued that it 
is impossible to specify when the lineage leading to bats 
diverged from primitive eutherians, but a maximum age 
of 75 million years might be hypothesized on the basis of 
the level of dental specialization known in the Asian and 
North American Upper Cretaceous eutherians. On the 
other hand, the divergence might have been as late as the 
Middle or Upper Paleocene, if the dental similaries of early 
bats and primitive soricomoph insectivores reflect a close 
common ancestry. The evolution of the distinctive chi- 
ropteran skeleton may have occurred over a period as 
long as 25 million years or as short as 8 million years. 

Whenever the divergence of bats began, they reached 
the most highly specialized and most modern grade of 
evolution of any Eocene eutherians. They had nearly com- 
pleted their skeletal evolution when primates and horses 
had only just begun. 

Although it is not possible to state how rapid the 
rate of change was during the early stages of bat evolution, 
it is certain that changes since the early Eocene have been 
extremely slow. Icaronycteris had already evolved an es- 
sentially modern forelimb, with great elongation of the 
humerus, partial fusion of the ulna with the radius, and 
great elongation of digits 2 through 5. The scapula has 
assumed a dorsal position. As in modern bats, most of 



Figure 20-27. BATS, (a) The early Eocene bat Icaronycteris. ( b ) The modern bat Myotis. Both X 1. From Jepsen, 1970. 
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Figure 20-28. (a) Second and third upper right molars of the Eocene 

bat lcaronycteris, (b) Second and third upper right molars of the Eocene 
insectivore Nyctitherium. (a) From Russell, Louis, and Savage, 1973. 
( b ) From Krishtalka and Setoguchi, 1 977. 


the cranial sutures are obliterated. A relatively small num- 
ber of features are less well developed than in modern 
bats. The dental formula of 

2 13 3 

3 13 3 

includes one or more teeth that are lost in all modern 
bats. The ribs have not coalesced and the elements of the 
sternum are neither fused nor keeled. A primitive phal- 
angeal count of 2, 3, 3, 3, 3 is retained in both the fore- 
limbs and rear limbs. The terminal phalanges of digits 2 
through 5 of the manus are very short and blunt, whereas 
they are more slender in modern bats. 

In most features of its anatomy, lcaronycteris resem- 
bles the modern microchiropteran bats. Work by Novacek 
(1985) indicates that the structure of the auditory region 
already shows specializations associated with echo locat- 
ing. 

Jepson originally classified lcaronycteris within the 
Microchiroptera. Some features of this genus, including 
the presence of a suture separating the premaxillae and a 
claw on the index finger, are shared with megachiropter- 
ans, but these features are clearly primitive and would be 
expected in the ancestors of all bats. In contrast, the struc- 
ture of the shoulder girdle seems advanced in the direction 
of the microchiropterans. 

A host of derived features of both the skeleton and 
soft anatomy establishes that the two major groups of 
modern bats share a close common ancestry, but they 
may have diverged prior to the appearance of the earliest 
adequately known bats in the early Eocene. 

The fossil record of the modern bat families remains 
very incomplete prior to the Pleistocene. Only two fossil 
genera are recognized as belonging to the Megachirop- 
tera: Archaeopteropus from the early Oligocene of Europe 
and Propotto from the early Miocene of Africa (Butler, 
1978). 


The known ranges of the modern families are shown 
in Figure 20-29. The living genera Myotis, Rhinolopbus, 
Hipposideros, Tadarida, and Taphozous are known from 
the Oligocene, and Vespertilio, Minioptera and Eptesicus 
appear in the Miocene (Dawson and Krishtalka, 1984). 

I 

Primates 

The primates, including the lemurs, tarsioids, mon- 
keys, apes, and man, have a rich and intensively stud- 
ied fossil record going back to the early Cenozoic. The 
modern assemblage can be traced with little question to 
the base of the Eocene, at which time the members can 
be readily distinguished from other early eutherians by 
the presence of a postorbital bar, the relatively large size 
of the braincase, formation of an auditory bulla by elab- 
oration of the petrosal, and details of dental anatomy. 

More primitive genera, the plesiadapiforms, were 
common in the Paleocene. Their molar teeth closely re- 
semble those of later primates, but the remainder of the 
anatomy is quite distinct. There is continued debate as to 
whether they should be included within the same order 
as the modern primates (e.g., MacPhee, Cartmill, and 
Gingerich, 1983), but there is no definite evidence that 
precludes early plesiadapiforms from being ancestral to 
later primates and no other group shares such close dental 
similarities. 

Szalay and Nelson (1979) provided the most com- 
prehensive and detailed review of the skeletal anatomy of 
both Recent and fossil primates. Gingerich (1984) and 
Badgley (1984) briefly covered more recent literature. Many 
recent articles on the anatomy of fossil primates have 
appeared in The American Journal of Physical Anthro- 
pology. See also Wood, Martin, and Andrews (1986). 

Several different schemes for taxonomic subdivision 
of the primates are used by current authors. Many authors 
recognize a major subdivision into two units, the Prosimii, 
including the tarsioids, lemuroids, and their extinct rel- 
atives, and the Anthropoidea — monkeys, apes, and man. 
The Plesiadapiformes may be included within the Prosimii 
or treated as a third group of equivalent rank. Other 
authors, notably Szalay and Delson (1979), group the 
lemuroids and their extinct relatives in the suborder Strep- 
sirhini and include the tarsioids and anthropoids in the 
suborder Haplorhini. There is general agreement that the 
South American monkeys should be placed in an infraor- 
der Platyrrhini of equal taxonomic rank with the Old 
World monkeys, apes, and man — the Catarrhini (Figure 
20-30). 

The specific origin of primates among more primitive 
eutherians has not been established, although they could 
have evolved from animals with a molar pattern like that 
of Cimolestes (see Figure 20-9) (McKenna, 1975; Kielan- 
Jaworowska, Bown, and Lillegraven, 1979). No specific 
derived characters have been demonstrated as being 
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uniquely shared between early primates and the early 
members of any other order (Novacek, McKenna, Neff, 
and Cifelli, 1983). 

PLESIADAPIFORMES 

A single lower molar from the late Cretaceous of Montana 
provides the oldest fossil evidence of the primates. This 
tooth is distinguished from those of other primitive eu- 
therians by the relatively blunt cusps and its squarish 
outline (Figure 20-31). It is almost identical with the mo- 
lars of the genus Purgatorius from the Lower Paleocene, 
which is known from a nearly complete dentition with a 
formula of 

3 14 3 

3 14 3 

Aside from the very small size (estimated body weight of 
20 grams), we have little evidence of the overall form of 
these early primates. 

Only incomplete remains are known from the early 
Paleocene, but genera with a similar pattern of the molar 
teeth become very important elements of the fauna in 
North America and Europe from the Middle Paleocene 
into the Middle Eocene. We recognize four or five quite 
distinct families, all of which are grouped within the sub- 
order Plesiadapiformes. This assemblage may include the 
ancestors of all higher primates. The most primitive genus 
in which the skull can be reconstructed is Palaecbtbon, a 
-member of the superfamily Paromomyoidea from the mid- 
dle Paleocene (Figure 20-32). It is approximately 4 cen- 
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Figure 20-32. P ALAECHTHON. Reconstruction of the skull of the 
paromomyoid primate from the Middle Paleocene. (a) Dorsal, (b) pal- 
atal, and ( c ) lateral views, 4 centimeters long. From Kay and Cartmill, 
1977. 

timeters long. The posterior margin of the orbit is con- 
stricted, but there is not a complete postorbital bar. The 
tooth row is continuous, without a diastema, but the third 
incisor and the first premolar are lost, giving a dental 
formula of 

2 13 3 

2 13 3 






Figure 20-31. TEETH OF PURGATORIUS. (a) Buccal and (b) oc- 
clusal view of lower molar from the Upper Cretaceous. ( c ) Occlusal 
view of upper molar from the Lower Paleocene. (d) Occlusal and (e) 
buccal views of lower dentition from the Lower Paleocene. Redrawn 
from Szalay and Delson, 1 979. 


The canine is relatively short. The wider molars with blunt 
cusps imply an omnivorous diet, although the small body 
size suggests that they were probably insectivorous by 
analogy with small living species. In the late Paleocene- 
early Eocene genus Ignatius, the basicranial region is pre- 
served, which provides a basis for comparison with the 
pattern in early members of other eutherian orders. The 
bulla is ossified but it is not possible to determine whether 
this ossification is developed from the petrosal, as in ad- 
vanced primates, or from some other center of ossification 
(MacPhee, Cartmill, and Gingerich, 1983). The petrosal 
is also an important element in the bulla of most erina- 
ceomorph insectivores but is not a primitive character of 
that group (Novacek, McKenna, Neff, and Cifelli, 1983). 
More certain is the absence of a groove for the prom- 
ontory artery, which clearly distinguishes Ignatius and, 
by inference, other primitive primates from more ad- 
vanced members of this assemblage. 

Ignatius may be primitive in the configuration of the 
basicranial region, but the anterior dentition is highly 
specialized, with greatly enlarged and procumbent lower 
incisors and a long diastema between the upper canine 
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and the cheek teeth. In these features, Ignacius resembles 
the second group of primates that was common in the 
Paleocene and early Eocene, the Plesiadapoidea. They are 
characterized by a superficially rodentlike dentition, with 
a long diastema between the procumbent incisors and the 
grinding molar teeth that suggests a herbivorous diet. 

Nearly the entire skeleton is known in the advanced 
genus Plesiadapis (Figure 20-33). It would have weighed 
approximately 4 to 5 kilograms. The skeleton is primitive, 
showing neither loss nor fusion of elements. This feature 
is characteristic of primates, as opposed to advanced 
members of other orders. Gingerich (1976, 1984) argued 
that Plesiadapis was predominantly terrestrial, but Szalay 
and Delson (1979) considered that the skeleton was adapted 
to arboreal locomotion. Some derived features of the post- 
cranial skeleton are shared with more advanced primates, 
but they are probably the result of convergent speciali- 
zation for arboreality. 

STREPSIRHINI 

Of the known Paleocene genera, only Purgatorius has a 
sufficiently primitive dentition to be considered as a pos- 
sible ancestor of primates other than the Plesiadapiformes. 
Two major groups of more advanced primates appear at 
the base of the Eocene in Europe and North America, the 
Adapidae and the Omomyidae. Omomyids are also known 
at this time in Asia. Both groups exhibit advanced char- 
acteristics, including the presence of a postorbital bar and 


a higher degree of arboreal adaptation, which is indicated 
by the grasping hallux and pollex. The auditory capsule 
is marked by a grove for the promontory artery, which 
indicates that the internal carotid has shifted from the 
medial position common to primitive therians. In both 
groups, the stapedial artery is enlarged. In the adapids 
Adapis, Notharctus, and Smilodectes, the foramen for the 
stapedial artery is larger than that for the promontory 
artery, while in the omomyids Necrolemur and Tetonius, 
the reverse is true. Szaley and Delson (1979) suggest that 
the adapid condition is the more primitive of the two. 

The adapids resemble the living Malagasy lemurs in 
size and skeletal morphology. The most primitive genus, 
Cantius , is represented by very common fossils of teeth 
and jaws in the lower Eocene of North America and is 
also known in Europe. The dental formula of 

2 14 3 
2 14 3 

is more primitive in the retention of all the premolars than 
is that of the earliest paromomyoid or plesiadapoid known 
from cranial remains. Cantius shows the beginning of 
development of the hypocone to square the upper molars. 
Elements of the postcranial skeleton show specific simi- 
larities with modern lemurs in their specialization for ar- 
boreal leaping and grasping (Rose and Walker, 1984). 

The skeleton of the middle Eocene adapid Smilo- 
dectes gives a good idea of this early stage in the evolution 
of lemuriform primates (Figure 20-34 and 20-35). The 



Figure 20-33. SKELETON OF THE COMMON LATE PALEOCENE PRIMATE PLESIADAPIS. From Simons, 1964. 
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Figure 20-34. SKELETON OF THE MIDDLE EOCENE ADAPID SMILODECTES. This genus is close to the ancestry of 
the modern lemuriform primates. From Simons, 1964. 



Figure 20-35. SKULL OF SMILODECTES. ( a ) Dorsal, (b) palatal, 
and (e) lateral views. From Szalay and Delson, 1979. 


face is moderately long, and the temporal openings are 
divided by a sagittal crest over the small braincase. Adap- 
ids were most common in the Eocene, and approximately 
20 genera have been described from North America. The 
last member of this family was Sivaladapis, which was 
known as recently as 7 to 8 million years ago in southern 
Asia (Gingerich and Sahni, 1984; Gingerich, 1986). 

Modern lemuroids are clearly distinguished from the 
adapids by specializations of the procumbent lower in- 
cisors and incisiform canines to form a tooth comb (Figure 
20-36). The only group of modern prosimians with a 
significant fossil record are the Lorisidae, which are known 
from the Miocene of India (MacPhee and Jacobs, 1986) 
and East Africa (Walker, 1978). Progalago and Komba 
resemble the living bush babies, while Mioeuoticus may 
be included among the pottos. 

The Lemuroidea and Indrioidea are today confined 
to Madagascar and the Comora Islands. The postcranial 
skeleton shows little change from the adapid pattern, but 
the relative size of the braincase has increased. All are 
herbivorous, some are terrestrial, but most are arboreal. 
Many recently extinct forms are known from subfossils. 
All are larger than their living counterparts and include 
species that were convergent on cercopithecoid monkeys 
and baboons; one had very long forelimbs and hooklike 
hands and feet and may have hung upside down like a 
tree sloth. 
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Figure 20-36. TOOTH COMBS OF LEMURS, (a) Tooth comb of the 
modern lemur Euoticus. { b ) Tooth comb of the “flying lemur” C yno- 
cephalus. From Rose, Walker, and Jacobs, 1981. Reprinted by permis- 
sion from Nature. Copyright ~ 1981, Macmillan Journals Limited. 


TARSIIFORMES 


strates a close link between these groups. Simons and 
Bown (1985) classify Afrotarsius within the Tarsiidae with 
some hesitation, while emphasizing similarities with the 
omomyid Pseudoloris from the Upper Eocene of Europe. 

Tarsius, which is known today from the Philippines 
and Indonesia, is characterized by a reduced rostrum and 
enormous eyes, with a partial closing of the orbit poste 
riorly. The foramen magnum is oriented ventraliy in as 
sociation with vertical leaping and clinging. The calca 
neum and navicular are greatly elongated, the tibia and 
fibula are partially fused, and the big toe is enlarged for 
grasping. The postcranial skeleton is not well known among 
the omomyids, but there is some hint of tarsioid special 
ization in the Eocene, including elongation of the tarsals, 
and fusion of the tibia and fibula. 


Omomyids were common in the Eocene, with twenty gen- 
era in North America, four in Europe, and one in Asia, 
and extend into the late Oligocene or earliest Miocene. 
According to Szalay and Delson, the dental pattern of the 
primitive adapid Pelycodus could have given rise to that 
of the omomyids. Most members of this group are smaller 
than the adapids and weigh less than 500 grams. They 
have pointed and enlarged central incisors and a tubular 
external auditory meatus. 

Teilbardina from the early Eocene of the Paris Basin 
still retains a dental formula of 

2 14 3 
2 14 3 

The much-better-known North American contemporary, 
Tetonius (Figure 20-37), has lost the first premolar and 
greatly reduced the second. Its large brain occupies much 
of the small, globular skull. The eyes are large and close 
together, with the facial region much reduced. The au- 
ditory bulla is much enlarged. 

It has long been thought that the omomyids included 
the ancestors of the modern genus Tarsius, although no 
fossil tarsiids had been described. A recently discovered 
jaw from the Lower Oligocene of North Africa demon- 


ANTHROPOIDEA 

During the Paleocene and Eocene, when primitive pri 
mates were common in Europe and North America, these 
areas had a moist, tropical climate. The late Eocene and 
early Oligocene marks the beginning of a sharp increase 
in seasonality and reduced temperatures in the North 
Temperate region. The number of primate fossils drops 
markedly, with only two genera reported in the Oligocene 
and Lower Miocene of North America. In the later Cen 
ozoic, the fossil record of primates is almost totally limited 
to southern Asia, Africa, and South America and consists 
almost entirely of members of the Anthropoidea. 

The earliest remains that have been assigned to the 
Anthropoidea are teeth and jaw fragments from the late 
Eocene of Burma, which are assigned to the genera Am 
phipithecus and Pondaungia (Ba Maw, Ciochon, and Sav 
age, 1979) (Figure 20-38). Unfortunately, they are too 
incomplete to establish their specific affinities or to char- 
acterize the primitive nature of this group. Unquestioned 
members of the catarrhine radiation are common in North 
Africa at the beginning of the Oligocene, and a single 
genus marks the first appearance of the Platyrrhini in 
South America in the middle to late Oligocene. The early 
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Figure 20-37. SKULL OF THE EOCENE OMOMYID TETONIUS. 
[a) Lateral view showing outline of endocast. (b) Dorsal view, (c) Palatal 
view. From Szalay, 1 976. 
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Figure 20-38. RIGHT DENTARY OF PONDAUNGIA FROM THE 
UPPER EOCENE OF BURMA. M 2 _ 2 in (a) labial, ( b ) lingual, and (c) 
occlusal views. This genus may belong to the Anthropoidea. From Ba 
Maw, Ciochon, and Savage, 1979. Reprinted by permission from Na- 
ture. Copyright ® 1 979, Macmillan Journals Limited. 


anthropoids are clearly distinguished from all prosimians 
by a relatively larger and more convoluted brain with 
reduced olfactory lobes. The rostrum is shortened and the 
amount of olfactory epithelium is reduced. The orbits are 
more forwardly directed and are separated from the tem- 
poral fossa by a postorbital septum. The mandibular rami 
and frontal bones are typically fused at the midline. 

The early anthropoids are already too advanced to 
make close comparison with any of the early Cenozoic 
prosimian groups. Many authors favor affinities with the 
Omomyidae (e.g., Luckett and Szalay, 1975; Ciochon and 
Chiarelli, 1980a; Szalay and Delson, 1979), but Gingerich 
(1980a, 1981) argues for closer affinities with the Adap- 
idae. Rosenberger and Szalay (1980) admit that all ade- 
quately known omomyids possess some specialized ana- 
tomical features that preclude their being ancestral to the 
anthropoids. Anthropoid affinities are based primarily on 
the small body size and the correspondingly large appar- 
ent brain size and related modifications of the facial region 
and dentition of the omomyids. Relatively large brain size 
may also be reflected in the relative size of the branches 
of the carotid artery that supply the brain. Packer and 
Sarmiento (1984) argue that many of the similarities be- 
tween the living genus Tarsius and anthropoids may be 
the result of convergent increase in relative brain size and 
acuity of hearing. Nevertheless, the general similarities of 
anthropoids and Eocene omomyids seem to suggest closer 
affinities than with any of the known adapids. 


whereas most adequately known Catarrhini have lost one 
of the premolars. The Ceboidea can also be distinguished 
by the derived character of a greatly inflated auditory 
bulla and the flattened face and widespread nostrils that 
give the group its name. Sixteen living genera and eight 
that are known only as fossil represent this group during 
the Cenozoic (Rose and Fleagle, 1981). 

Hoffstetter (1980) suggested that the Platyrrhini may 
be most closely related to the family Parapithecidae, among 
the Old World Anthropoidea. This family is represented 
by the genera Parapithecus and Apidium from the Oli- 
gocene of Egypt, which are primitive in retaining three 
premolars. They may represent remnants of the stem group 
of all anthropoids but are generally considered to be more 
closely related to the later Catarrhini. 

The geographical origin of the South American mon- 
keys is also subject to continuing debate, which is con- 
sidered in detail in Evolutionary Biology of the New World 
Monkeys and Continental Drift (Ciochon and Chiarelli, 
1980a). Several authors in this volume argued that Old 
World monkeys originated from precatarrhine anthro- 
poids that were established in Africa by the late Eocene. 
Hoffstetter suggested that they reached South America by 
chance rafting on floating vegetation at a time when Africa 
and South America were significantly closer than at pres- 
ent. There is no evidence that there was more than a single 
migrational event, since all South American primates ap- 
pear to have evolved from a single stock. 

Gingerich (1980a) subscribes to the view that was 
earlier expressed by Simpson (1945) that platyrrhines dis- 
persed from North America. This hypothesis would also 
require crossing a large water body. More significantly, 
this hypothesis requires a long migration across the north- 
ern continents to account for their fairly well-documented 
common ancestry with the Old World anthropoids. There 
are no fossils of anthropoids from the Cenozoic of North 
America, during which time the fossil record of other 
groups is exceedingly rich. Nor is there any record of 
prosimian primates in South America at any time during 
the Cenozoic, although there is a moderately good record 
of other mammals. These facts argue strongly against the 
origin of New World monkeys within South America. 


CATARRHINI 


PLATYRRHINI 

The Platyrrhini are restricted to South and Central Amer- 
ica throughout their history. The earliest known fossil is 
Bratiisella, a member of the modern family Cebidae from 
the middle to late Oligocene of Bolivia. This genus and 
all South American monkeys retain a dental formula of 

2 13 3 
2 13 3 


With the possible exception of the late Eocene fossils from 
Burma and the Parapithecidae, all the Old World an- 
thropoids certainly have a unique common ancestry. This 
is most simply demonstrated by the consistent dental for- 
mula of 

2 12 3 
2 12 3 

which represents a loss of one premolar relative to that 
of the New World monkeys. They also lack the inflation 
of the bulla that characterizes the Platyrrhini. 
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A number of early catarrhine genera are known from 
the Oligocene of the Fayum Basin, west of Cairo. These 
sediments were deposited between 28 and 34 million years 
ago in a swampy, well-forested area. Early work by Si- 
mons (1964) suggested that these genera might represent 
a number of lineages, including the specific ancestors of 
Old World monkeys, the gibbon, and the great apes and 
humans. Paleontologists now agree that the Old World 
monkeys, the Cercopithecoidea, did not differentiate until 
later in the Cenozoic. Fleagle and Kay (1983) suggest that 
the Oligocene genera Propliopithecus and Aegyptopithe- 
cus might belong to an assemblage that existed prior to 
the major diversification of the catarrhines. 

Simons (1967) recognized that the early catarrhines 
resemble the modern apes move than they do the Old 
World monkeys. Especially in their dentition, the Cer- 
copithecoidea are more specialized than these early ape- 
like forms, with high-crowned, bilophodont cheek teeth 
and a protruding muzzle (Figure 20-39). The earliest-known 
cercopithecoids are the early Miocene Prohylobates from 
North Africa and Victoriapithecus from East Africa. Sza- 
lay and Delson (1979) suggest that the nearest ancestry 
of these forms may lie with Propliopithecus. 

The major radiation of the Old World monkeys did 
not occur until 7 to 8 million years ago. This assemblage 
may also includes Oreopithecus, a superfically apelike 
genus from the late Miocene or early Pliocene of Italy 
that was once thought to have close affinities with man. 

The Oligocene genus Aegyptopithecus may belong to 
the stem group of all later catarrhines, but its anatomy 



Figure 20-39. DOLICHOPITHECUS. Lower dentition of the cercop- 
ithecoid from the Pliocene of Europe. The squared molars are dominated 
by four cusps. From Szalay and Delson, 1 979. 


more closely resembles that of later hominoids than it 
does the Cercopithecoidea. The skull has a globular brain- 
case and a relatively short face (Figure 20-40). The con- 
figuration of the teeth suggests that it was a fruit eater. 
The dentition is strongly dimorphic, with large canine 
teeth in the males. The postcranial skeleton is badly crushed 
and has not been reconstructed, but what is known sug- 
gests quadrupedal arboreal locomotion — climbing and 
running through the branches of the forest canopy (Si- 
mons, 1984). 


HOMINOIDEA 

Members of the superfamily Hominoidea are known from 
the early Miocene of East Africa, some 22 million years 



Figure 20-40. SKULL OF THE EARLY APE AEGYPTOPITHECUS FROM THE LOWER OLIGOCENE OF EGYPT. 
Anterior and lateral views. From Simons, 1 967 . 
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ago. This superfamily is the most extensively studied of 
all mammalian groups, yet the nature and interrelation- 
ships of the fossil species remain subject to continuing 
debate. Many of these problems are discussed in the recent 
books New Interpretations of Ape and Human Ancestry 
(Ciochon and Corruccini, 1983) and Ancestors: The Hard 
Evidence (Delson, 1985). Pilbeam (1984) recently pro- 
vided a brief but authoritative summary. 

The earliest adequately known hominoid is Procon- 
sul africanus, a baboon-sized species from Kenya (Figures 
20-41 and 20-42). Like Aegyptopithecus, it was a sexually 
dimorphic, fruit-eating, arboreal quadruped. The general 
anatomy is sufficiently primitive to be ancestral to all the 
later apes and humans. Details show a mosaic of features 
that illustrate more specific similarities with later forms. 
The elbow, shoulder joint, and feet resemble those of a 
chimpanzee, the wrist resembles that of monkeys, and the 
lumbar vertebrae are like those of a gibbon. Other feature 
are not closely similar to those of any other primates. 

During the Miocene, there was an extensive African 
radiation of genera that were similar to Proconsul. At the 
end of the early Miocene, approximately 17 million years 
ago, connection was achieved between Africa and Asia 
via the Arabian Penninsula, and primitive hominoids mi- 
grated into Europe and Asia. A degree of specialization 
was achieved in both these areas, which resulted in the 
recognition of two informal groups of early hominoids: 
the dryomorphs (based on the genus Dryopithecus), which 
include most of the European and African species, and 
the ramamorphs (based on the genus Ramapithecus), which 
were primarily Asian, where they are known from 12 to 
7 million years ago. During the 1960s and 1970s, it was 
widely accepted that Ramapithecus was closely related to 
the ancestry of hominids and that this group had sepa- 
rated from the great apes (Pongidae) approximately 17 
million years ago. At that time, the ramamorphs were 
known almost exclusively from teeth and jaws. The teeth 
were recognized as having very thick enamel, like those 



Figure 20-41. PROCONSUL. Skull of the early homonoid from the 
Miocene of Africa. From Pilbeam, 1984. 



of primitive hominids, and they were arranged in a par- 
abolic arc around the palate. In contrast, the teeth of the 
great apes are typically arranged in a U shape and the 
enamel is thinner. With Ward and Pilbeam’s (1983) de- 
scription of cranial material (Figure 20-43), we now rec- 
ognize that Ramapithecus is very closely related to the 
extant orangutan Pongo. This conclusion is based on shared 
derived features of the facial region and some characters 
of the limbs. Ramamorphs are clearly not closely related 



Figure 20-43. SKULL OF SIVAPITHECUS [ RAMAPITHECUS ]. An 
orangutan from the Late Miocene of India. From Pilbeam, 1984. 
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to hominids, and the dental similarities must be attributed 
to convergence (Ciochon and Corruccini, 1983). Ramap- 
itbecus is no longer thought to be a separate genus but is 
probably referable to Sivapithecus, which exhibits marked 
sexual dimorphism. Gigantopitbecus from the Pliocene of 
India and the Pleistocene of China, which was once thought 
to be close to the hominids, is now also allied with Si- 
vapithecus. 

These new findings eliminate the Asian ramamorph 
complex from close affinities with the hominids, whose 
early history is now thought to have been confined to 
Africa. Kenyapithecus, which is known from strata ap- 
proximately 16 million years old in East Africa, may be 
a member of a stem group that was ancestral to both 
African apes and humans (Wolpoff, 1983). 

Unfortunately, there are no fossil hominoids known 
in Africa between 4 and 1-4 million years ago. The African 
apes Gorilla and Pan have no fossil record. Based on 
anatomical evidence, they might have diverged from the 
ancestors of humans any time from about 5 to 14 million 
years ago. 

Molecular evidence, which is now based on a host 
of different techniques, places the dichotomy between man 
and the African great apes as having occurred between 6 
and 10 million years ago (Ciochon and Coruccini, 1983; 
Sibley and Ahlquist, 1984) (Figure 20-44). 



Figure 20-44. HOMINOID PHYLOGENY, BASED ON MOLE- 
CULAR DATA. From Sibley and Ahlquist, 1984. 


HOMINIDAE 

The hominoid fossil record in Africa begins again ap- 
proximately 4 million years ago, with primitive hominids 
of the genus Australopithecus in Ethiopia and Tanzania 
(. American Journal of Physical Anthropology, 1982, Vol. 
57(4)). The earliest-known species is Australopithecus 
afarensis, which is represented by several specimens, in- 
cluding much of the skeleton of an individual named “Lucy” 
(Johanson and Edey, 1981; Kimbel, White, and Johanson, 
1984). Australopithecus afarensis was fully bipedal if we 
judge by the configuration of the joints of the hip, knee, 
and ankle (Stem and Susman, 1983). Numerous footprints 
of a hominid of this type are known from strata 3.75 
million years old. Australopithecus afarensis ranged from 
25 to 50 kilograms, with the males 50 to 100 percent 
larger than the females. This strong sexual dimorphism 
suggests that, like many modern primates, they traveled 
in troops rather than forming permanent family groups. 
The brain ranged from approximately 450 to 550 cubic 
centimeters, which is 20 to 30 percent larger than that of 
a chimpanzee with a similar-sized body. 

The general configuration of the face and palate re- 
sembles that of a chimpanzee, but the canines are reduced 
and do not extend much above the height of the sur- 
rounding teeth, which suggests that they were not used 
for defense (Figure 20-45). It has been argued that this 
indicates the initial use of simple tools for defense and 
obtaining food. The cheek teeth are large and have thick 
enamel, which enables them to feed on hard plant food. 
Compared with humans, the arms are relatively longer 
and the legs relatively shorter. The hand may have been 
capable of more precise manipulation than is possible for 
the chimpanzee. 



Figure 20-45. SKULL OF THE MOST PRIMITIVE HOMINID A US- 
TRALOP1THECUS AFARENSIS. This species is known as early as 4 
million years ago in East Africa. From Pilbeam, 1 984. 
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Figure 20-46. AUSTRALOPITHECUS AFR1CANUS. Skull in lateral 
view. From Howell, 1978. Reprinted by permission of Harvard Uni- 
versity Press. 


The emergence of hominids from earlier apes may 
have been associated with a shift in environment from life 
in the wet forests to dryer grassland and savanna. The 
necessity for rapid movement in the open may have pro- 
vided the selective advantage for the development of bi- 
pedality. The fossil record clearly demonstrates that bi- 
pedality was achieved among hominids with a brain that 
was little advanced above that of the great apes. 

One of the most surprising aspects of the early evo- 
lution of hominids is the fact that there was not just one, 
but a number of species living at the same time in southern 
and eastern Africa (Walker, Leakey, Harris, and Brown, 
1986). There is still considerable controversy over the 
exact identity of many remains as well as their ages and 
specific relationships, but there appear to have been at 
least three coexisting lineages between 2 and 3 million 
years ago. In addition to Australopithecus afarensis , these 
lineages include the larger, but lightly built, Australopi- 
thecus africanus (Figure 20-46), Australopithecus boisei 
(Figure 20-47), which had extremely massive teeth, and, 
by about 2 million years ago, the first member of the 
modern genus, Homo habilis. 

Primitive members of our own genus Homo are dif- 
ferentiated from Australopithecus by further increase in 



Figure 20-47. AUSTRALOPITHECUS BOISEI, A ROBUST AUS- 
TRALOPITHICINE, IN LATERAL VIEW. From Howell, 1978. Re- 
printed by permission of Harvard University Press. 



Figure 20-48. HOMO HABILIS. Skull in (a) anterior, ( b ) lateral, and 
(c) dorsal views. From Howell, 1 978. Reprinted by permission of Har- 
vard University Press. 


cranial capacity and modifications of the pelvis for im- 
proved bipedal locomotion and to accomodate the large 
size of the head of the neonate. The brain of Homo habilis 
was approximately 700 cubic centimeters in volume, the 
face was shortened, and the teeth reduced in size (Figure 
20-48). 

Homo habilis is not recognized after 1.75 million 
years ago but appears to have been replaced by Homo 
erectus, which first appears at that time. This species has 
a more robust skeleton and a cranial capacity of 850 to 
1000 cubic centimeters. The face and teeth are further 
reduced (Figure 20-49 a). A nearly complete skeleton of 
Homo erectus has recently been discovered from beds 1.6 
million years old in east Africa (Figure 20-50). 

Approximately 1 million years ago. Homo erectus 
spread out of Africa into eastern and southern Asia. There 
is considerable debate regarding the pattern and rate of 
evolutionary change between Homo erectus and Homo 
sapiens (see Chapter 22), but by approximately 300,000 
years ago, populations with an anatomy that is considered 



476 



Figure 20-49. (a) Homo erectus. ( b ) Homo sapiens neanderthalaenis. 

From Howell, 1978. Reprinted by permission of Harvard University 
Press. 


typical of Homo erectus were replaced by primitive mem- 
bers of our own species. Homo sapiens evolved a nearly 
modern appearance, with the brain size approaching 1400 
-cubic centimeters, over the next 100,000 to 200,000 years. 
The term “archaic” Homo sapiens is used from members 
of our species that lived from about 300,000 years ago 
to approximately 40,000 years ago. Among the archaic 
Homo sapiens were the Neanderthals, who were common 
in Europe and southwest Asia between 70,000 and 30,000 
years ago. The Neanderthals were shorter and more heav- 
ily built than modern humans but had a comparable cra- 
nial capacity. The skull was characterized by the presence 
of prominent brow ridges and strong anterior teeth (Fig- 
ure 20-4 9b). Many features of the skeleton show analogies 
with modern hominids living in arctic regions, which may 
be correlated with the glacial conditions that existed in 
Europe during the late Pleistocene. 

The degree to which the Neanderthals were related 
to modern humans in Europe is still a matter of contention 
(Smith and Spencer, 1984). Homo sapiens of more mod- 
ern aspect are known in Africa as long as 100,000 years 
ago. They apparently invaded Europe between 30,000 
and 40,000 years ago and may have replaced the Nean- 
derthals with a minimum of interbreeding. 

Within the genus Homo, we cross the line from pa- 
leontology to archaeology. Badgley (1984) cited the fol- 
lowing dates for the achievement of important cultural 
advances: manufacture of stone tools, 2 million years ago; 
control of fire, 500,000 years ago; the origin of agricul- 
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ture, 10,000 years ago. The Neanderthals buried their 
dead in a ritualistic manner, and the earliest art is known 
from about 35,000 years ago. 



Figure 20-50. SKELETON OF HOMO ERECTUS, 1.6 MILLION 
YEARS OLD. Courtesy of Richard Leakey. 
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SCANDENTIA (TREE SHREWS) 

It has been suggested that several other eutherian 

groups might have close affinities with primates. These 
groups include the tree shrews, elephant shrews, bats, and 
Dermoptera or “flying lemurs.” Tree shrews are super- 
ficially squirrel-like animals that are common in southeast 
Asia. Their phylogenetic position has long been debated. 
They were once considered members of the Insectivora 
but have repeatedly been suggested as having close affin- 
ities with the primates. 

The skull proportions and dentition are little different 
from the Upper Cretaceous eutherians. The bulla is formed 
by the entotympanic, and the internal carotid is in the 
promontory position (Figure 20-51). The fossil record 
consists of fairly complete skulls from the Miocene that 
are essentially modern (Jacobs, 1980). 

Their taxonomic position has been considered from 
many angles in the recent book, Comparative Biology and 
Evolutionary Relationships of Tree Shrews (Luckett, 








Figure 20-51. SKULL OF THE TREE SHREW PTILOCERCUS. 
(a) Lateral and (b) palatal view. From Gregory, 1957. (c) Dentition 
of Tupaia. From Evans, 1942. 


1980a). The consensus is that tree shrews cannot be as- 
sociated closely with any other groups but are better placed 
in a separate order, the Scandentia (which was earlier 
proposed by Butler, 1972). 

Nevertheless, there is some evidence, especially from 
the molecular side, that tree shrews are more closely re- 
lated to primates and insectivores than they are to other 
orders. This evidence is not contradicted by the dental 
anatomy (Butler, 1980) or the configuration of the tarsals 
(Szalay and Drawhorn, 1980). 

Modern tupaiids appear to represent the retention of 
a very primitive stage in the evolution of eutherians, and 
their general appearance may differ little from that of their 
Upper Cretaceous ancestors. 


Dermoptera 

A single modern genus, Cynocephalus from tropical 

Asia, Indonesia, and the Philippines is the only living 
representative of the order Dermoptera. The most striking 
feature of this animal is the presence of a gliding mem- 
brane that extends between the limbs and onto the tail. 
Cynocephalus spends most its time in trees and is nearly 
helpless on the ground. The skull is vaguely lemurlike, 
but the postcranial skeleton is highly distinctive in the 
great length of the slender limbs. The ulna is reduced and 
fused to the radius. The fibula does not articulate with 
the calcaneum. 

The cheek teeth are broad and the enamel is wrinkled 
so that wear produces many shearing surfaces to deal with 
a strictly vegetarian diet. Dermopterans have a large in- 
testinal caecum filled with bacteria that are capable of 
breaking down cellulose. 

The lower incisors are spatulate, with the margins 
extended like the teeth of a comb. We find similarly spe- 
cialized incisors in members of the family Plagiomenidae 
from the mid-Paleocene to late Eocene of North America 
(Figure 20-52). This group is known primarily from jaws 
and teeth. The lower dentition has the primitive formula 


3 14 3 

The cheek teeth also show the structure noted in Cyno- 
cephalus (Rose and Simons, 1977; Rose, 1982). Plagio- 
menids are especially common in the early Eocene of 
Ellesmere Island (West and Dawson, 1978). 

In turn, the plagiomenids may be related to the mix- 
odectids. This group, which Szalay (1969) last reviewed, 
includes five genera restricted to the Paleocene of North 
America. Their remains consist primarily of jaws and teeth. 
The upper and lower incisors, like those of apatemyids, 
are greatly enlarged and procumbent, but the lower an- 
terior premolar is not bladelike and the lower incisor does 
not extend so far back in the mandible as in that group. 
Rose and Simons (1977) noted similarities between mix- 
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Figure 20-52. LOWER JAW OF PLACIOMENE. From the early 
Eocene, thought to be related to the modern dermopteran genus Cy- 
nocepkalus. (a) Occlusal and (b) lateral views, x2. From Rose ami 
Simons, 1977. 

odectids and plesiadapiform primates but suggest that 
they may result from convergence. 

Bats, primates, tree shrews, and dermopterans have 
long been thought to be closely related to one another 
and to have special affinities with the insectivores. McKenna 
(1975) classified them together in the superorder Ar- 
chonta. Luckett (1980b) considered the relationships of 
these groups in detail. Few derived features of the skeleton 
can be shown to unite these orders, but macromolecular 
studies suggest that they are more closely related to one 
another than any are to other eutherians (Cronin and 
Sarich, 1980). 

Szalay and Drawhorn (1980) provided evidence that 
the tarsal structure of tree shrews, dermopterans, and 
archaic primates show a number of derived features in 
common that may be attributed to a common factor of 
arboreality. However, arboreality might have been achieved 
-separately in the ancestors of each group. Their specific 
interrelationships remain unresolved. 


Carnivores 

TERRESTRIAL CARNIVORES 

The dentition of early eutherians appears suitable for 
piercing and shearing small prey, and it is generally ac- 
cepted that they fed primarily on insects, as do the most 
primitive living mammals. It would seem a short step from 
such small insectivores to larger predaceous carnivores. 
Surprisingly, this change was relatively slow; it is not until 
near the end of the Paleocene that any moderate-sized 
mammals that are clearly recognizable as carnivores ap- 
peared in the fossil record. 

In contrast with the plethora of herbivorous orders, 
there are only two major groups of terrestrial carnivores 
in the early Cenozoic, the ancestors of the modern order 
Carnivora and an archaic group, the Creodonta. In both 
groups, the posterior cheek teeth are modified to form 
specialized shearing surfaces. Such teeth are termed car- 
nassials. Different teeth are modified as carnassials in the 


two groups, which indicates that a carnivorous habit was 
elaborated separately. In creodonts, this modification in- 
volved upper molars 1 and/or 2 and lower molars 2 or 
3. In the early members of the Carnivora, the last upper 
premolar and the first lower molar are modified (Figure 
20-53). 

MacIntyre (1966) pointed out that specialization of 
the molars as carnassials in the creodonts led to the re- 
duction of crushing and grinding surfaces that were main- 
tained in true carnivores. The dentition in early members 
of both groups remained basically very primitive, how- 
ever, and both were originally included among the insec- 
tivores as ancestral eutherians (Cope, 1875). 

MacIntyre showed that relatively minor changes would 
have been necessary to modify the molars and posterior 
premolars of the late Cretaceous and early Paleocene ge- 
nus Cimolestes to the pattern seen in early creodonts and 
Carnivora (Figure 20-54). Since Cimolestes also appears 
to be close to the ancestry of other groups of Cenozoic 
mammals, we have been unable to demonstrate that creo- 
donts and the Carnivora had a unique common ancestry, 
which would be necessary to justify their inclusion in a 
single supraordinal taxon. Despite their limited diversity 
and longevity, it seems appropriate to place the creodonts 
in a separate order. 

The two families of creodonts, the Oxyaenidae and 
Hyaenodontidae, appear in the late Paleocene and are 
common throughout the Eocene. Oxyaenids, which may 
have originated in North America, were generally small, 
with long bodies and short limbs. In contrast with the 
hyaenodontids, they have lost the third molar. The pos- 
ture of the feet was plantigrade with spreading toes. 
Hyaenodontids, which were more common in the Old 
World, include genera in which the body proportions were 
comparable with those of felids, canids, and hyaenids 
(Figure 20-55). Some reached the size of large bears. Like 
other primitive eutherians, the creodonts lacked an au- 
ditory bulla and five digits were retained on both the 
forelimbs and hind limbs (Figure 20-56). 

Romer (1966) and Jerison (1973) stigmatized the 
creodonts as archaic and small brained, but Radinsky 
(1977) demonstrated that relative brain size increased as 
rapidly among the creodonts as it did in the early members 



Figure 20-53. CARNASSIAL TEETH IN THE ORDER CARNI- 
VORA. Heavy line indicates position of carnassial blades on last upper 
premolar and first lower molar of the primitive carnivore Miacis. From 
Savage, 1977. 
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Figure 20-54. UPPER CHEEK TEETH OF PRIMITIVE CARNIVO- 
ROUS PLACENTALS. Development of carnassial blades is shown, (a) 
Last upper premolar and first two molars of the Upper Cretaceous 
“proteutherian” Cimolestes. From Clemens, 1973. ( b ) Last premolar 
and all three molars of the Lower Eocene hyaenodont creodont Pro- 
totomus. Shearing blades are developed on both the first and second 
molars. From Matthew and Granger, 19 IS. (c) Last premolar and first 
two molars of the oxyaenid creodont Oxyaena from the Upper Paleo- 
cene. The postmetacrista of the first molar is elaborated as a carnassial 
blade. From Gingerich, 1 980b. (d) Fourth premolar and first two molars 
of the viverravid carnivore lctidopappus from the Middle Paleocene. 
The major shearing surface has developed on the last premolar. From 
MacIntyre, 1 966. Anterior is to the left. 

of the Carnivora, together with an increase in the extent 
of the neocortex. In North America and Europe, the creo- 
donts became greatly reduced after the end of the Eocene, 
but hyaenodontids remained the dominant carnivores in 
Africa through the Oligocene, and one genus survived in 
Asia into the Pliocene. 


We first recognize members of the order Carnivora 
in the early and middle Paleocene. They are characterized 
by the specialization of the last upper premolar and first 
lower molar for shearing. This specialization is first shown 
by the presence of a well-developed metastyle blade at the 
posterior angle of the premolar, which sheared against 
the anterior surface of the trigonid of the first lower molar. 
The protocone of P 4 is located far forward of the para- 
cone. The posterior molars are reduced. All of the early 
carnivores were small — comparable in size to a weasel or 
small cat. They are primitive in lacking ossification of the 
auditory bulla; the scaphoid, lunar, and centrale of the 
carpus remain separate, in contrast with their fusion in 
more advanced carnivores. 

Among the primitive Carnivora, two families are rec- 
ognized, the Viverravidae from the Lower Paleocene into 
the Oligocene and the Miacidae, which appears first in 
the earliest Eocene. Both are Holarctic in distribution. 
Although appearing earlier in time, the Viverravidae are 
more specialized in the loss of the third molar in both 
upper and lower jaws. The viverravid Protictis (Figure 
20-57) has a small skull and extremely high, sharp cusps, 
which suggest an insectivorous diet. 

Miacids are clearly distinct when they first appear in 
the Lower Eocene of Europe and North America. Gin- 
gerich (1980b) suggests that they may have immigrated 
from Asia where they are also known in the early Eocene. 
The miacids are generally more similar to the derived 
carnivore families and assumed dominance over the Viv- 
erravidae by the end of the Eocene. Most are poorly known, 
but a complete articulated skeleton was described from 




Figure 20-55. SKELETAL RESTORATION OF OXYAENIDS AND HYAENODONTS. (a) Hyaenodon. (b) Patriofelis. 
(■ c ) Sinopa. From Gregory, 1957. 
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Figure 20-56. FEET OF THE CREODONT PATRIOFELIS. (a) Front. 
( b ) Rear. Abbreviations as follows: ast, astragalus; cal, calcaneum; ce, 
centrale; cub, cuboid; cun, cuneiform; ectocu, ectocuneiform; entocu, 
entocuneiform; lu, lunar; mesocu, mesocuneiform; mg, magnum; nav, 
navicular; pis, pisiform; sc, scaphoid; trd, trapezoid; trz, trapezium; 
unci, unciform; I, V, metacarpals and metatarsals. From Gregory, 1 957. 



Figure 20-58. PAROODECTES. Skeleton of the miadd carnivore from 
the Middle Eocene of Germany, xjf. From Springhorn, 1980. 


the middle Eocene of Germany (Springhorn, 1 980) (Figure 
20-58). The limbs are relatively short, the trunk is elon- 
gate, and the feet are plantigrade. 

The modern carnivore families may have begun to 
diverge from among these primitive genera by the end of 
the Eocene, but few remains are known until the early 
Oligocene, by which time many of the modern groups 
were clearly established. 

All the advanced families are distinguished from the 
miacids and viverravids by ossification of the auditory 
bulla, but this structure shows different patterns of evo- 
lution in each family. According to Hunt (1974), all living 
carnivores have at least three elements of the bulla; the 
dermal ectotympanic and both a rostral and caudal en- 
totympanic. The ossification of the bulla was probably 
associated with an increase in hearing ability. The greater 
acuity of other mammals with large bullae has been es- 
tablished physiologically (Lay, 1972). 

Two major groups of advanced carnivores are rec- 
ognized on the basis of differences in the nature of the 
bulla together with changes in the carotid circulation that 
can be observed in the bones of the basicranial region. In 
the Aeluroidea (or Feloidea), including viverrids, felids, 
and hyaenids, the main branch of the internal carotid is 
reduced or lost, with the arterial circulation to the brain 



Figure 20-57. PROTICTIS. Skull of the Paleocene carnivore, x§. From 
MacIntyre, 1966. 


coming primarily from the external carotid in conjunction 
with the evolution of a countercurrent exchanger in the 
vicinity of the orbit, which apparently cools the blood 
entering the brain. 

In felids and viverrids, both the ectotympanic and 
the caudal entotympanic contribute to the formation of 
a septum that divides the bulla into anterior and posterior 
chambers. In hyaenids, the septum is formed primarily by 
the ectotympanic, and the chamber of the middle ear is 
increased by expansion into the mastoid. 

In the arctoids (also termed canoids), which include 
the Canidae, Procyonidae, Ursidae, and Mustelidae, as 
well as the marine carnivores, the internal carotid remains 
an important artery and the auditory bulla is not clearly 
divided into two chambers. Canids have an incomplete 
division of the bulla, and there is no septum in procyonids 
and mustelids. 

Flynn and Galiano (1982) suggest that the origin of 
the arctoids and aeluroids can be traced to separate groups 
among the earlier carnivores. They argued that the can- 
oids can be traced to the miacids and the aeluroids to 
genera that were previously included among the viver- 
ravids. They divide all carnivores into the suborders Can- 
iformia and Feliformia and distinguish early members of 
these groups by small differences in the degree of devel- 
opment of cusps on the last upper premolar and the ab- 
sence of the third molar in all Feliformia. 

In contrast, Gingerich (1983) argues that there is no 
evidence of evolutionary continuity between the Viver- 
ravidae, which radiated in the Paleocene and early Eocene, I 
and the aeluroid families, which did not begin to differ- 
entiate until the late Eocene. He contends that the loss of 
M 3 occurred independently in these two groups, as it did 
in the oxyaenid creodonts. 

Most post-Eocene carnivores can be assigned to liv- 
ing families. The major exception are the amphicyonids. 
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The amphicyonids are an assemblage of medium-to-very- 
large-sized genera that are known from the early Oligo- 
cene to the early Pliocene. They are common in North 
America and also known in Africa and Eurasia. The bulla 
shows a primitive arctoid pattern and they were previ- 
ously placed in the Canidae. 

Hunt (1977) and Ginsburg (1977) suggested that am- 
phicyonids are closely related to the ursids, because both 
of these groups are specialized in having an enlarged in- 
ferior petrosal sinus with an excavation in the basioccip- 
ital. In bears, this opening houses a loop of the internal 
carotid that forms a countercurrent exchanger with an 
adjacent vein to cool the blood going into the brain. The 
structure of the opening in amphicyonids suggests a com- 
parable function. 

Radinsky (1980) described the endocasts of 10 am- 
phicyonid genera that showed a progressive expansion 
and increased infolding of the neocortex and an increase 
in relative braincase from an EQ of 0.6 to 0.7 in the 
Oligocene to 1.19 to 1.4 in the late Miocene, as well as 
other features that show strong parallels with changes 
observed in the canids. 


We find fossils of clearly distinguishable canids, viv- 
errids, mustelids, and felids in the early Oligocene. Ra- 
dinsky (1982) showed that the basic cranial proportions 
of these families were already established when they first 
appear in the fossil record, although their degree of dis- 
tinction is clearly lower than that between the modern 
members of these families (Figure 20-59). He saw no ob- 
vious “key” characters that have enabled these groups to 
expand into the distinctive adaptive zones of their living 
counterparts, which are based on the method of prey 
capture and jaw mechanics. He suggested that they may 
initially have partitioned the carnivore adaptive zones pri- 
marily on the basis of size. He attributed the initial success 
of the modern carnivore families not to any general or 
particular structural advances but rather to the extinction 
of the archaic carnivores toward the end of the Eocene. 
An extensive faunal turnover at this time may have re- 
sulted from climatic deterioration. On the other hand, all 
the modern carnivore families are advanced in the devel- 
opment of an ossified auditory bulla and at least some 
increase in relative brainsize (Radinsky, 1973, 1975, 1977). 
All the modern families have fused the scaphoid and lunar 



Figure 20-59. COMPARATIVE ILLUSTRATIONS OE THE SKULLS 
OF MODERN AND EARLY CENOZOIC CARNIVORA, (a) Vulpa- 
vus, a middle Eocene miacid. ( b ) A modern viverrid, Viverra. ( c ) The 
early canid Hesperocyon. id) The modern fennec. (e) The Miocene mus- 


telid Potamotherium. (f) The modern South American mustelid Tayro. 
(g) The early felid Proailurns from the early Miocene, (h) The modern 
clouded leopard. From Radinsky, 1982. 
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bones in the carpus, which suggests more effective running 
and support of their generally larger body size, although 
this fusion did occur in at least one miacid. 

The Canidae is represented in the early Oligocene by 
Hesperocyon. The main line of canid evolution can be 
traced in North America. This family appears in Africa 
and South America only in the Pleistocene (Berta, 1987). 

Procyonids (raccoons and their allies) are question- 
ably identified from the early Oligocene, although their 
remains are easily confused with those of mustelids. The 
skull proportions of this group vary greatly, but they can 
be recognized by the blunting of the cusps and the squar- 
ing of the molars, which are associated with an omni- 
vorous diet. The lesser panda Ailurus (which is sometimes 
placed in a separate family) apparently arose from the 
early procyonids and appears in the middle and late Mio- 
cene of Asia and Europe. 

Bears appear in the middle Oligocene in Europe. Ur- 
savus from the middle Miocene appears close to the an- 
cestry of modern bears. The giant Panda Ailuropoda is 
probably an early offshoot of the Ursidae and is first 
known in the late Miocene of Europe (Thenius, 1979). 

Hyaenids appear in the Miocene of Africa. This group 
apparently evolved from the early viverrids (Savage, 1978). 


Cats are recognized in the early Oligocene by the 
shortness of the skull, the large size of the sectorial car- 
nassials, reduction of other cheek teeth, and the presence 
of retractile claws. The early cats are further distinguished 
by the great length of the upper canines, which led to 
their description as “saber-toothed” cats. These cats are 
also distinguished by the pattern of the auditory bulla, 
which may not be completely ossified (Martin, 1980). The 
division of the bulla that characterizes modern cats is not 
developed. Because of these primitive features, the early 
cats have been referred to in an informal way as paleo- 
felids, and some authors have placed them in a distinct 
family, the Nimravidae (Baskin, 1981; Martin, 1980). 
Such primitive cats are known until about 7 million years 
ago. Following this scheme, the term Felidae should be 
restricted to cats with a more modern type auditory bulla. 
Such a modern cat, Proailurus, is known from the base 
of the Miocene. The specific relationships of these groups 
remain uncertain. The monophyly of the cats as a whole 
seems more firmly established than is the exact nature of 
the relationships between the two subgroups. Hence, it 
seems judicious to retain the family name Felidae for all 
cats while recognizing a distinction between Nimravinae 
and Felinae at the subfamily level. 



Figure 20-60. SABER-TOOTHED CATS, (a) The dirk-toothed cat Barbourofelis. (b) The scimitar-toothed cat Machairodus. 
From Martin. 1980. 
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The “saber-tooth” specialization is not restricted to 
the Nimravinae but has evolved independently in several 
different lineages among both subfamilies. For example, 
the well-known Pleistocene genus Smilodon is a neofelid. 
Martin (1980) distinguished between two types of saber 
tooths: the scimitar-toothed cats have short, broad ca- 
nines, usually with very coarse serrations, and the dirk- 
toothed cats have long, broad canines, usually with fine 
serrations. The dirk-toothed cats are short limbed and 
probably slow running. The scimitar-toothed cats are long 
limbed and may have been better adapted for pursuit of 
prey. Both of these patterns developed in both subfamilies 
(Figure 20-60). The saber-toothed adaptation appears to 
have been a specialization for feeding on especially large 
prey. Many of the largest Cenozoic herbivores became 
extinct at the end of the Pleistocene and with them van- 
ished the last of the saber tooths. 

Flynn and Galiano (1982) argued that nimravids are 
not closely related to felids but have closer affinities with 
the canids. They base this conclusion on differences in the 
structure of P 4 and the absence of a septate bulla in the 
nimravids. The nimravids share with the Caniformes a 
specialization of the tarsus in which the fibula does not 
articulate with the calcaenum. Unfortunately, they did not 
make detailed comparisons with non-nimravid felids, which 
would be necessary to demonstrate that these two groups 
did not share a close common ancestor. 

Neff (1983) argues on the basis of the basicranial 
anatomy that nimravids are distinct from both felids and 
canids and are instead a separate lineage that evolved from 
primitive miacids independent of both aeluroids and arc- 
‘toids. 

AQUATIC CARNIVORES 

In addition to their position as the dominant terrestrial 
predators, the Carnivora also successfully invaded marine 
habitats in the middle Tertiary. The seals, sea lions, and 
walruses have typically been classified together as pin- 
nipeds. However, there is considerable evidence that seals 
(Phocoidea) evolved from a different group of terrestrial 
carnivores than that which gave rise to the sea lions and 
walruses, the Otarioidea (Tedford, 1976). 

The Otarioidea is the better-known group, with a 
fossil record that goes back to the latest Oligocene (Mitch- 
ell and Tedford, 1973, Barnes, 1979). The oldest-known 
genus, Enaliarctos (Figure 20-61) shows affinities with 
the Oligocene ursids of the subfamily Amphicyonodon- 
tinae (not to be confused with the family Amphicyonidae). 
They still retain features of terrestrial carnivores, such as 
clearly defined carnassial teeth with an enlarged, ante- 
riorly placed protocone. The tympanic bulla shows prim- 
itive features that are typical of ursids, but the ectotym- 
panic has become the major element. The mastoid and 
paroccipital processes are conjoined. The foramina for 
venous drainage of the skull are enlarged as in modern 



Figure 20-61. COMPARATIVE VENTRAL VIEWS OF THREE ARC- 
TOID CARNIVORES. These skulls show the morphological steps in 
the evolution of the Otarioidea. ( a ) Pachycynodon, Oligocene, France. 
( b ) Enaliarctos, early Miocene, California, (c) Arctochephalus, Recent, 
South Atlantic. From Tedford, 1976. 


marine mammals, and the dentition is somewhat simpli- 
fied. The limbs are already modified as flippers. 

Three more advanced families have evolved in succes- 
sion from the primitive enaliarctid stock. All have devel- 
oped a homodont dentition, probably an adaptation to 
feeding on small prey that was swallowed whole. The 
desmatophocids are a second, totally extinct group that 
was widespread between 10 and 17 million years ago. 
Allodesmus is a well-known member (Figure 20-62). As 
in Enaliarctos, the eyes are large and the otic region shows 
some specialization for determination of the directionality 
of sound under water. 

The walruses (Odobemdae) succeeded the desmato- 
phocids. They are first known approximately 14 million 
years ago, represented by the genus Neotherium. Ima- 
gotaria, which lived adjacent to the west coast of North 
America from 9 to 12 million years ago, probably includes 
the ancestors of the living species (Figure 20-63). In these 



Figure 20-62. 


SKELETON OF ALLODESMUS. From Mitchell, 1975. 
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Figure 20-63. SKULL OF IMAGOTARIA. This genus is an ancestor 
of the modern walrus from the Miocene of western North America. ( a ) 
Lateral and (b) palatal views. Original 30 centimeters long. From Re- 
penning and Ted ford, 1977. 

forms, the simplified cheek teeth have only a single root. 
Most of the history of the Odobenidae is recorded around 
the Pacific Basin. The walruses established themselves in 
the North Atlantic between 8 and 5 million years ago and 
then reentered the North Pacific about 1 million years ago. 

The Otariidae (fur seals and sea lions) are first rep- 
resented by Pithanotaria from beds that are 11 million 
years old. Members of this genus are small and primitive 
in some respects, but they are already unmistakable otar- 
iids in the form of the postcranial skeleton. Thalassoleon 



Figure 20-64. SKULL OF THALASSOLEON. An ancestor of the fur 
seals and sea lions from the late Miocene of western North America. 
(a) Lateral and ( b ) palatal views. 25 centimeters long. From Repenning 
and Tedford, 1977. 


is a well-known genus from the late Miocene (Figure 20- 
64). The modern genus Eumetopias is known from japan 
at least 2 million years ago. 

The oldest phocids are Leptophoca and Montherium, 
which are based on very incomplete remains from the 
middle Miocene, (Ray, 1976). In contrast with the Pacific 
origin of the otarioids, we know the phocoids primarily 
from the Atlantic Basin and the areas adjacent to the 
Mediterranean Sea. The origin of the phocoids may be 
traced to the mustelids. The early Miocene genus Pota- 
motberium (Figure 20-65 b) represents the pattern from 
which they may have evolved (Savage, 1957). This genus 
retains primitive features that are characteristic of the 


mustelids together with evidence of aquatic adaptation 
parallel to that of the marine otter. In contrast with the 
early otarioids, the mastoid and paroccipital processes of 
Potamotberium are widely separated. Both phocoid and 
otarioids show modification of the ear region for deter- 
mining the direction of sound, but this facility developed 
separately in the two groups (Repenning, 1972). In con- 
trast with the previous discussion, work being carried out 
by Wyss (1987) and Berta suggests that phocoids and 
odobenids share a close common ancestry among the des- 
matophocids. 

Although too late to be actually ancestral, Semantor 
from the Upper Miocene of the Caspian Basin shows an- 
atomical features intermediate between Potamotberium 
and true phocids. 

The modern phocid fauna became established ap- 
proximately 4 million years ago with the beginning of the 



Figure 20-65. COMPARATIVE VENTRAL VIEWS OF THREE ARC- 
TOID CARNIVORES. These genera show the possible morphological 
steps in the evolution of the Phocoidea. (a) Paragale, early Miocene, 
France, (b) Potamotberium, early Miocene, France, (c) Monachus, Re- 
cent, Caribbean. From Tedford, 1976. 
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climatic deterioration that heralded the Pleistocene. In the 
late Cenozoic, they extended into the North Pacific and 
one group spread into the southern hemisphere. 

Rodents, lagomorphs, 

AND ELEPHANT SHREWS 

Most orders of herbivorous placentals consist of 

medium-to-large-sized animals that probably had a 
common ancestry among the condylarths in the earliest 
Paleocene. The small herbivore adaptive niches are filled 
primarily by members of the single order Rodentia, with 
the remainder from the order Lagomorpha, the rabbits. 
Opinion has varied through the years as to whether the 
general similarities of rabbits and rodents are due to close 
relationship or convergence. Recently discovered fossils 
indicate that they probably shared a common ancestry 
among a group of early Cenozoic families from Asia that 
are united in the order Anagalida (McKenna, 1975, 1982; 
Dawson, Li, and Qi, 1984; Hartenberger, 1980). Al- 
though they are primarily insectivorous in habit, the el- 
ephant shrews may be closely related. The question of the 
origin of lagomorphs and rodents and many problems of 
classification within the rodents are discussed in a recent 
symposium volume edited by Luckett and Hartenberger 
(1985). 

Although there was considerable migration of mam- 
mals between Eurasia and North America during some 
intervals of the Cenozoic, eastern Asia was effectively 
isolated from western Asia and Europe during the early 
Tertiary by the Obik Sea and the Turgai Straits, which 
crossed the west Siberian lowlands and connected the 
Tethys Sea to the south with the Arctic Ocean (McKenna, 
1983b). During the Paleocene, the Bering Land Bridge 
was at such a high latitude that eastern Asia was also 
effectively separated from North America. Within this 
continental area evolved a rich and varied fauna that is 
little represented in the rest of the world and lacks many 
common elements of the North American-west European 
fauna (Li and Ting, 1983). 

ANAGALIDA 

Members of the order Anagalida are among the most 
important elements of the early Cenozoic east Asian fauna. 
Although more than a score of genera have been included 
in this group (Li and Ting, 1983), only a few have been 
adequately described and illustrated and their specific in- 
terrelationships have not been established. 

The Oligocene genus Anagale remains one of the 
best-known forms and, despite its age, appears to rep- 
resent a generally primitive pattern (Figure 20-66). The 
skull is small and the temporal opening is confluent with 
the orbit, although there is a strong postorbital process. 



Figure 20-66. ANAGALE FROM THE OLIGOCENE OF MON- 
GOLIA. Skull in (a) dorsal, (b) palatal, and (c) lateral views, (d) Lower 
jaw in occlusal view. From Simpson, 1931. 

The dentition is complete. Primitive features led Simpson 
(1931) to classify Anagale with the tree shrews, but 
McKenna (1963) showed that it possessed no unique de- 
rived features in common with the Tupaiidae. 

The upper molars are distinctive in the position of 
the paracone and metacone near the buccal margin. The 
posterior premolars are molariform and the cheek teeth 
are lingually high crowned. The prismatic lower cheek 
teeth resemble those of lagomorphs. The dentition is clearly 
distinct from the Cimolestes morphotype, which may be 
ancestral to all other groups discussed in this chapter, and 
shows some resemblance to that of Zalambdalestes (see 
Figure 20-8). 

The jaw is unusual in the great height of the condyle 
above the tooth row and the short recurved coronoid 
process. Another advanced feature is the complete ossi- 
fication of the auditory bulla, which is a compound struc- 
ture formed from the ectotympanic and entotympanic. 

The postcranial skeleton is generally primitive. In 
contrast with Zalambdalestes, the limb proportions are 
not specialized for saltatory locomotion, and the tibia and 
fibula are not fused. The astragalus and calcaneum re- 
semble those of lagomorphs. The feet are specialized in 
having large fissured claws on the manus and distally 
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Figure 20-67. DENTITION OF THE ANAGALID PSEUDICTOPS. 

(a) Schematic drawing of the anterior dentition. From Sulimski, 1 968. 

( b ) Upper cheek teeth in occlusal view. From Matthew, Granger , and 
Simpson, 1929. (c and d) Lower cheek teeth in occlusal and lateral 
views. From Matthew, Granger, and Simpson, 1929. 


spatulate unguals of the pes. McKenna suggested that they 
may have dug for food. Ingestion of dirt with the food 
would account for the high degree of tooth wear. 

Pseudictops from the Upper Paleocene of Mongolia 
represents another family of anagalids in which the cheek 
teeth have a superficially rabbitlike appearance, with the 
trigon greatly extended lingually. The anterior dentition, 
which Sulimski (1968) described, is complete and without 
a diastema, and the teeth have laterally compressed lobate 
crowns that show no resemblance to those of either lag- 
omorphs or rodents (Figure 20-67). 


rostral and caudal entotympanics, squamosal, petrosal, 
alisphenoid, basisphenoid, and pterygoid. 

The skull is otherwise primitive in the absence of a 
postorbital bar and the retention of nearly all of the prim- 
itive eutherian complement of teeth 

1-3 1 4 2 

3 142-3 

The last molar is small or vestigial and the upper fourth 
premolar is large and molariform. The cheek teeth are 
specialized for grinding in a similar manner to those of 
lagomorphs. They are initially low crowned, but the Mio- 
cene genus Myohyrax (which was originally described as 
a hyracoid) has high-crowned prismatic molars like those 
of herbivorous rodents. 

We recognize four living genera and five are known 
only as fossils. Novacek (1984) suggested that the earliest- 
known genus, Metoldobotes (Figure 20-68) from the mid- 



MACROSCELIDEA— ELEPHANT SHREWS 

Elephant shrews are an assemblage of mouse-to rabbit- 
sized insectivorous species that are confined today and 
throughout their known history to Africa. Superficially, 
they are distinguished by a long flexible snout. Skeletally, 
they are characterized by the great length of their rear 
limbs and feet, which enable them to hop rapidly. The 
ulna and radius are closely appressed and the tibia and 
fibula are fused. The pollex and hallux are reduced or 
absent. The auditory bulla is a uniquely compound struc- 
ture with variable contributions from the ectotympanic, 



Figure 20-68. SKULL OF THE MODERN ELEPHANT SHREW ELE- 
PHANTULUS. (a) Lateral, ( b ) dorsal, and (c) palatal views, (d) Occlusal 
view of dentition and (e) lateral view of the lower jaw of the mid- 
Oligocene elephant shrew Metoldobotes, jaw 2j centimeters long, (a) 
From Lawlor, 1 979; ( b and c) from Novacek, 1 984; (d and e) from 
Patterson, 1965. 
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Oligocene, may represent an early radiation of the family 
rather than having close affinities with any modern gen- 
era. The modern genus Rhynchocyon is known as early 
as the Miocene. 

Elephant shrews were long allied with the Insectivora 
because of their generally primitive anatomy and were 
grouped with the tree shrews as menotyphlans because of 
the presence of an intestinal caecum. Recent authors do 
not recognize any shared derived features that unite them 
with either the Tupaiidae or any insectivore families. 

McKenna (1975), followed by Szalay (1977), Har- 
tenberger (1980), and Novacek (1982, 1984) suggested 
close affinities with anagalids, rodents, lagomorphs, and 
zalambdalestids. McKenna united these groups on the 
basis of a common loss of the original P| from among 
the five premolars (which are thought to be primitive for 
eutherians), the height of the jaw condyle above the oc- 
clusal surface, and the hook-shaped coronoid process. All 
show a tendency toward unilaterally hypsodont or pris- 
matic teeth with reduced stylar shelves and a lagomorph- 
like chewing action, in which the wear surfaces of the 
lower molar trigonids continue posterodorsally the wear 
surfaces of the talonids of the teeth in front of them. 
Stressing tarsal similarities, Szalay placed elephant shrews 
with the lagomorphs. Evans (1942) made the strongest 
arguments for a specific relationship between anagalids 
and elephant shrews. The auditory bulla of elephant shrews 
is quite unlike that of Anagale, but both may have de- 
veloped an ossified bulla subsequent to their divergence, 
even if they had an immediate common ancestry in the 
early Cenozoic. Novacek (1984) drew attention to the 
similarities of elephant shrews to members of the order 
Rhinogradentia (Stiimpke, 1967). 

Despite the structural similarities observed between 
elephant shrews and the Asian anagalids and their rela- 
tives, the rodents and lagomorphs, it should be empha- 
sized that there is no evidence of modern or fossil ma- 
croscelids outside of Africa. Since they are not known 
prior to the Oligocene, elephant shrews may have evolved 
within Africa from a primitive eutherian stock that was 
quite distinct from the Asian groups. 




Figure 20-69. (a) View of the anterior end of the palate of the anagalid 

Eurymylus, x3. From Sycb, 1971. Snout of Mimolagus from the Oli- 
gocene of Mongolia — which is thought to be one of the most primitive 
lagomorphs — in ( b ) lateral and (c) palatal views, x2. From Boblin, 
1951. (d) Palate of Heomys, known from the Middle and Late Paleocene 
of China, X3. This genus may be closer to the ancestry of rodents. 
From Li and Ting, 1985. 


EURYMYLOIDEA 

The groups that have just been discussed are characterized 
by a primitive tooth pattern that lacks a diastema. Among 
the families grouped within the Anagalida, the eurymy- 
loids more closely resemble rodents and rabbits in the 
presence of a long diastema between the anterior incisors 
and the cheek teeth. Eurymylus from the Upper Paleocene 
of Mongolia combines characteristics of both lagomorphs 
and rodents but is clearly distinct from both (Figure 20- 
6 9a). The upper and lower incisors are ever growing and 
have a double layer of enamel, as in rodents. The lower 
incisors extend posteriorly to the base of M 3 . As in ro- 
dents, there is a long palatal bridge anterior to the internal 


nares. In contrast, the cheek teeth resemble the simple 
triangular pattern of lagomorphs and show no resem- 
blance to the complex multicuspate teeth of early rodents. 
The talonid of one tooth and the trigonid of the next form 
a common wear surface, and the wear pattern indicates 
that horizontal transverse movements of the mandible 
were significant. On the other hand, Eurymylus is clearly 
distinct from lagomorphs in the absence of the second 
pair of upper incisors and the loss of P 2 . The angular 
process is reflected, as in rodents and some very primitive 
placentals and marsupials, but in contrast with rabbits. 

According to Li and Ting (1985), the eurymylids may 
be especially close to the ancestry of rodents. In this fam- 
ily, the functional separation between gnawing and chew- 
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ing, which is characteristic of rodents, has already been 
established tef judge from the elongation of the glenoid 
and the difference in length between the diastema of the 
upper and lower jaws. The dental formula of 

10 2 3 

10 2 3 

is comparable to that of rodents, except for the retention 
of one extra lower premolar. The molar teeth of Heomys 
from the middle Paleocene (Figure 20 -69d) closely resem- 
ble those of the earliest ctenodactyloid rodents such as 
Cocomys. 

Li and Ting point out dental similarities between 
eurymylids and a lower jaw from the later Cretaceous 
that was described as Barunlestes (Kielan-Jaworowska 
and Trofimov, 1980) in the great elongation of the second 
lower incisor and the anteroposterior compression of the 
trigonids. They argue that this specimen is not a true 
zalambdalestid but is closer to other Asian “proteuther- 
ians” than to leptictids. These arguments imply that eu- 
rymylids and other anagalids may have diverged from the 
basal placental stock earlier than other groups discussed 
in this chapter. 

Li and Ting suggested that the lagomorphs may be 
closely related to a further eurymyloid family, the Mim- 
otonidae. Mimotoma from the late Paleocene and Mim- 
olagus from the Oligocene have a dental formula of 

2(?) 0 3 3 

2-10 3 3 

and have only one layer of enamel on the incisors. 

LAGOMORPHA 

Modern lagomorphs are a clearly defined group consisting 
of rabbits, hares, and pikas. Rabbits and hares are placed 
in the family Leporidae, which includes 11 living and 21 
fossil genera. Ochotona is the only surviving member of 
the Ochotonidae, but this family was considerably more 
diverse in the Tertiary, with 23 fossil genera. 

The general pattern of the skull and dentition are 
very similar throughout this order. All are clearly distin- 
guished from rodents by the presence of a second pair of 
incisors immediately behind the first (Figure 20-70). There 
is only a single layer of enamel on their anterior surface, 
in contrast with two layers in rodents. The pattern of 
mastication in the two orders is fundamentally different. 
Lagomorphs are characterized by a great deal of trans- 
verse grinding, while propalinal movement is extremely 
important among rodents since their first appearance in I 
the fossil record. In most lagomorphs, the maxilla is con- 
spicuously fenestrated. There is only a very short second- 
ary palate behind the long incisive foramen. In contrast 
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Figure 20-70. P ALAEOLAGUS. Skull and dentition of the Oligocene 
lagomorph. From Wood, 1940. 


with Anagale, the auditory bulla is made up entirely of 
the ectotympanic without an entotympanic. 

The postcranial skeleton is also very stereotyped in 
lagomorphs, with the tail short or rudimentary. The tibia 
and fibula are fused distally, and there are five digits on 
the fore limb and four on the rear. 

McKenna (1982) recognized Hsiuannania and Mim- 
otona from the Paleocene of China as the earliest lago- 
morphs. As in later members of this order, the molar teeth 
exhibit lingual extension of the anterior and posterior 
cingula to form lingually coalescing columns, the pericone 
and hypocone (Figure 20-71). A comparison with their 
anagalid ancestors demonstrates that the central cusp, 
whose homology has long been questioned, is the pro- 
tocone. The paracone and metacone are far lateral in 
position. The talonid basin also shifts buccally to become 
a mere hypoflexid. In advanced lagomorphs, the crown 
of the teeth is crossed by a thin band of enamel, the 
hypostria, each end of which is marked by a deep reen- 
trant, which gives the teeth the shape of a much depressed 
figure 8 in occlusal view. 

Among early lagomorphs, the upper teeth develop 
lingual hypsodonty as the enamel border crosses the cheek 
teeth at an angle. In advanced genera, the teeth become 
rootless. 

Connections between the Paleocene mimotonids and 
later lagomorphs are not well known. Lagomorphs from 
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Figure 20-71. HOMOLOGIES OF THE ANAGALID AND LAGO- 
MORPH UPPER-CHEEK-TOOTH PATTERN. The lagomorph P 4 and 
upper molars have a central protocone. In Hsiuannania, Huaiyangale, 
Linnania, eurymylids, mimotonids, and pseudictopids, the protocone is 
still lingual but a hypoconal shelf and a pericone are developing. The 
basic lagomorph upper-cheek-tooth pattern involves a progressive buc- 
cal shift of the primordeal tooth-crown cusps. The talonid basin of the 
lower molars also shifts buccally to become a mere hypoflexid. (a) Hyai- 
yangale chianshanensis, right P 4 — M 3 , Paleocene, Anhui. ( b ) Hsiuannania 
tabiensis, right P 4 -M 3 , Paleocene, Anhui, (c) Palaeolagus tennodon, 
right M 1 , early Oligocene. ( d ) Palaeolagus temnodon, right P 4 , early 
Oligocene. Abbreviations as follows: ac, anterior cingulum; cr, crescent 
(posterior part indicated); hy, hypocone (subdivided by secondary basin); 
myb, secondary hypocone basin; pc, posterior cingulum; me, metacone; 
pa, paracone; pas, parastyle; pe, pericone; peb, pericone basin; pr, pro- 
tocone. Drawings are not to scale. From McKenna, 1982. 

the middle to late Eocene of Asia and the late Eocene of 
North America have a dental structure from which both 
the Leporidae and the Ochotonidae could have evolved. 
Leporids are known from the late Eocene in North Amer- 
ica; ochotonids appear in the Oligocene. McKenna (1982) 
listed many features that distinguish these groups and 
differentiate them from more primitive lagomorphs. 

Lagomorphs spread into Europe by the beginning of 
the Oligocene. Ochotonids reached Africa in the early 
Miocene, but the leporids did not arrive until the Pliocene. 
Rabbits reached South America only in the Pleistocene. 

Lagomorphs and rodents apparently diverged from 
a common ancestor in the early Cenozoic. Both groups 
are clearly defined and relatively stereotyped in their anat- 
omy, but they show very different patterns of radiation 
(Simpson, 1959). We recognize only two or three families 
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of lagomorphs during the entire Cenozoic, and only 12 
genera with 46 species are living today. Rodents radiated 
into approximately 50 families, with over 400 genera rec- 
ognized in the modern fauna. In a detailed analysis of 
mastication, Weijs and Dantuma (1981) suggested that 
the particular type of tooth occlusion that is common to 
all lagomorphs enabled them to utilize a wide variety of 
vegetable matter so that each species could occupy a very 
broad adaptive zone. The geographical ranges of many 
lagomorph species and genera are extremely wide and 
their numbers are prodigious. White and Keller (1984) 
argued that the pattern of tooth occlusion is related to a 
particular configuration of the skull and jaw musculature 
that was not readily amenable to change. In contrast, the 
dental apparatus and pattern of mastication in rodents 
has certainly been much more variable, and dietary spe- 
cializations allowed them to become partitioned into a 
host of separate niches. 


RODENTS 

Rodents may be considered the most successful of all 
mammals in terms of their worldwide distribution, tax- 
onomic diversity, and number of individuals. We recog- 
nize more than 1700 species in the recent fauna. About 
50 families evolved during the Cenozoic, of which ap- 
proximately one-fourth are now extinct (Carleton, 1984). 
Rodents vary considerably in size, with Eumegamys from 
the Pliocene of South America having a skull nearly 60 
centimeters long (Dawson and Krishtalka, 1984), but most 
are small and their basic anatomy remains quite stereo- 
typed. 

Rodents are all characterized by a particular pattern 
of the dentition and jaw mechanics that is probably the 
basis for their enormously successful radiation into a wide 
range of habitats. From their first appearance in the fossil 
record in the early Tertiary, they had reduced their dental 
formula to 

10 2 3 

10 13 

As in lagomorphs, the upper and lower incisors are ever 
growing. The enamel is limited to the labial surface, and 
the lower incisors wear across the uppers so that both 
retain a chisel-like surface. All rodents have two layers of 
enamel, in contrast with one in lagomorphs. Gnawing 
with the incisors occurs independently of chewing with 
the cheek teeth. The masseter and pterygoideus muscles 
move the jaw forward to gnaw and backward to chew. 
This propalinal movement of the lower jaw is utilized for 
the chewing stroke in some advanced families. 

Differences in the jaw musculature and the histology 
of the enamel on the incisors form the basis for rodent 
classification. The most fundamental subdivision is based 
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on the configuration of the lower jaw that reflects the 
length of the pterygoideus muscle (Figure 20-72). In the 
primitive condition, termed sciurognathous (and typified 
by squirrels, mice, and rats), the internal pterygoideus is 
relatively short and the angle of the jaw originates below 
the plane of the lower incisors. In the more derived hys- 
tricognathous condition (which is typified by porcupines, 
a few African forms, and all native South American ro- 
dents), the internal pterygoid is longer and the angle orig- 
inates lateral to the plane of the incisors. The hystricog- 
nathous condition probably evolved only once. 

All members of the Hystricognathi are also charac- 
terized by a wavy pattern of the hydroxyapatite crystals 
making up the inner layer of enamel. This enamel pattern 
is termed multiserial. Primitive rodents, including all Eocene 
species, have poorly organized bands of inner enamel, 
called the pauciserial condition. A second derived pattern, 
termed uniserial, with alternating bands of similarly ori- 
ented crystals, occurs in advanced rodents that retain a 
sciurognathous jaw pattern (Wahlert, 1968). 

The importance of propalinal movement of the lower 
jaw in rodents has resulted in modifications of the origin 
of the masseter above and anterior to the tooth row. The 
superficial masseter maintains the position that is com- 
mon to other mammals. The deep masseter becomes di- 
vided into two layers, a middle layer beneath the super- 
ficial masseter and a deep layer. Among primitive rodents, 
the origin of the deep masseter remains associated with 
the zygomatic arch, as in primitive eutherians. This pat- 
tern is termed protrogomorphous (Figure 20-73). In the 
sciuromorphous pattern, the middle layer of the masseter 
originates anterior to the zygomatic arch, lateral and dor- 
sal to the infraorbital foramen. In other groups, the in- 
fraorbital foramen is enlarged and some portion of the 
masseter passes through it. In the hystricomorphous con- 
dition, which is common to both Old and New World 
porcupines, the infraorbital foramen is very large and the 
deep masseter passes through it and originates on the 
snout. In the myomorphous condition, which is exem- 
plified by rats and mice, the infraorbital foramen is key- 
hole-shaped and a portion of the deeper masseter passes 




Figure 20-72. ( a ) Sciurognathy. Demonstrated by a marmot in which 

the angle of the jaw arises below the incisor and ( b ) hystricognathy, as 
demonstrated by a New World porcupine in which the angle originates 
lateral to the plane of the incisor. Dashed lines represent the incisor in 
the socket. From Jacobs, 1 984. 
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Figure 20-73. ZYGOMASSETERIC PATTERNS IN RODENTS, 
(i a ) lscbryotomus (Paramyidae), primitive Eocene rodent. The masseter 
muscles originate entirely on the zygomatic arch. ( b ) Abert’s squirrel 
(Sciurus aberti, Sciuridae); the anterior part of the masseter lateralis 
originates on the rostrum and the zygomatic plate, (c) Porcupine ( Er - 
ethizon dorsatum, Erethizontidae); the anterior part of the masseter 
medialis originates largely on the rostrum and passes through the en- 
larged infraorbital foramen, (d) Porcupine, showing the attachments of 
the masseter medialis. ( e ) A cotton rat ( Sigmodon hispidus, Cricetidae); 
the masseter superficialis originates on the rostrum, and the anterior 
part of the masseter lateralis originates on the anterior extension of the 
zygomatic arch. ( f ) The superficial muscles shown in (e) have been 
removed; the masseter medialis originates partly on the rostrum and 
passes through the narrow infraorbital foramen. Abbreviations as fol- 
lows: ml, masseter lateralis; mm, masseter medialis; ms, masseter su- 
perficialis; t, temporalis. From Vaughan, 1972. 


through the enlarged dorsal area. The middle layer of the 
masseter (masseter lateralis) extends forward onto a plate- 
like surface, anterior to the zygomatic arch. 

The sciuromorph, hystricomorph, and myomorph 
conditions were once used as the basis for a threefold 
subordinal division of all advanced rodents. We now rec- 
ognize that all three patterns have been achieved more 
than once and that transitions from one condition to an- 
other are possible as well. They remain important de- 
scriptive terms, but they have lost their original taxonomic 
significance. 

Like the lagomorphs, rodents appear to have evolved 
from eurymyloid anagalids within the Paleocene of Asia 
(Dawson, Li, and Qi, 1984). The genus Heomys resembles 
rodents in many features, but the teeth are already mote 
high crowned than are those of the earliest-known un- 
questioned rodents. 

The earliest-known rodent is Acritoparamys [Pam- 
tnys] atavus, which is represented by isolated teeth from 
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the Upper Paleocene of North America. Dawson and her 
colleagues argue that the Lower Eocene Cocomys from 
China is more primitive in the nonmolariform pattern of 
P 4 (Figure 20-74). Wood (1962) had earlier argued that 
this condition would be expected in the immediate ances- 
tors of known rodents. The upper and lower fourth pre- 
molars also remain nonmolariform in the eurymyloid 
Heomys. 

Cocomys and Acritoparamys apparently represent two 
diverging lines of early rodents. Cocomys is a member of 
a relatively restricted assemblage, the Ctenodactyloidea, 
that was common in Asia in the Eocene and is represented 
today in Africa by four genera that superficially resemble 
the pikas. The structure of the lower jaw and dentition 
is primitive, but the masseter pattern is hystricomorphous. 
The family Ischyromyidae, including Acritoparamys, may 
be close to the ancestry of all other rodents. 

The ischyromyids (including the paramyids of Wood, 
1962, 1977) appear first in North America but may have 
evolved in Asia. They provide good examples of the prim- 
itive rodent morphotype (Figure 20-75). Paramys resem- 
bled a squirrel in its general appearance, although the 
limbs were relatively shorter and no specifically arboreal 
adaptations are evident. The jaw was sciurognathous, and 
the arrangement of the masseter protrogomorphous. The 
dental formula is primitive for the order and the cheek 
teeth are rooted and retain vestiges of their bunodont 
heritage (Figure 20-76). 

The ischyromyids may include the ancestry of a num- 
ber of conservative modern lineages, but the specific origin 
of several more advanced groups remains controversial, 
in the nature of the jaw, distribution of the masseter mus- 
cle, and the tooth formula, the most conservative living 
descendants of the primitive rodent assemblage are the 
Aplodontidae, which is represented by the sewellel or 
mountain beaver that is restricted to the west coast of 
North America (Rensberger, 1983). It is tentatively linked 
to the ischyromyids via the late Eocene genus Eohaplo- 
mys. The middle and late Tertiary Mylagaulidae is a re- 
lated family that includes genera that developed “horn”- 
like extensions from the nasal bones. 

The modern family Sciuridae shows the best-docu- 
mented transition from the ischyromyids. The early Oli- 
gocene squirrel Protosciurus retains an essentially protro- 
gomorphous pattern of the masseter and a very primitive 
dentition, but the otic region has already achieved the 
unique derived pattern of modern genera, in which the 



Figure 20-74. TEETH OF THE PRIMITIVE ASIAN RODENT CO- 
COMYS. Occlusal view of P4-M3. From Dawson, Li, and Qi, 1984. 



Figure 20-75. SKELETON OF THE LOWER EOCENE RODENT 
PARAMYS. From Wood, 1962. 


enlarged septate tympanic bulla is tightly fused to the 
periotic. The postcranial skeleton is virtually identical to 
that of the living fox squirrel, Sciurus niger, which indi- 
cates that it was fully arboreal. Miocene members of the 
genus Sciurus are so similar to living squirrels that Emry 



Figure 20-76. SKULL OF PARAMYS. (a) Dorsal, (b) palatal, and 
(c) lateral views, (d) Occlusal views of upper and lower cheek teeth. 
From Wood, 1962. 
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and Thorington (1984) considered this genus to be a “liv- 
ing fossil,” despite its worldwide distribution and great 
species diversity in the modern fauna. 

The beavers and their relatives, the Castoroidea, have 
been classified with squirrels as members of the conserv- 
ative suborder Sciuromorpha, but the sciuromorphous 
pattern of the masseter may have been achieved separately 
in the two groups. The Castoridae has been restricted to 
the Holarctic region since its appearance in the Oligocene. 
The Pleistocene genus Castoroides reached the size of a 
bear. 

Most modern dormice, placed in the Gliroidea, have 
achieved a myomorphous pattern of the masseter inde- 
pendent of the genera classified as the Myomorpha. How- 
ever, one modern African genus Graphiurus, is virtually 
protrogomorphous. The oldest-known glirid, Eogliravus 
from the middle Eocene of Europe, has an enlarged in- 
fraorbital foramen, as in the hystricomorphs, but in more 
advanced genera the lateral portion of the masseter has 
extended anteriorly to produce the myomorphous pat- 
tern. The gliroids can be traced to the Microparamys lin- 
eage within the Ischyromyidae. 

While hystricomorphy and myomorphy were achieved 
among the gliroids, which are classified within the Sciu- 
romorpha, the earliest members of the Myomorpha, the 
Geomyoidea, have an essentially sciuromorphous pattern. 
This superfamily is classified with the muroids and di- 
podoids on the basis of dental similarities and knowledge 
of intermediate forms from the fossil record. 

According to Korth ( 1984), the enormous myomorph 
assemblage may have evolved from the family Sciuravi- 
dae, which diverged from the base of the ischyromyid 
radiation in the early Eocene. Eomyids from the later 
Eocene can be united with the geomyoids based on the 
common presence of a long infraorbital canal that is de- 
pressed into the rostrum and a tooth pattern with trans- 
verse lophs (Wahlert, 1985). Geomyoids are represented 
in the modern fauna by the heteromyids (kangaroo rats 
and pocket mice), which appear in the early Oligocene of 
North America, and the Geomyidae (pocket gophers). 

Muroids and dipodoids may share a common an- 
cestry in the late Eocene and early Oligocene. Myomorphy 
in muroids, as in the gliroids, appears to have been derived 
via an intermediate hystricomorphous stage. The Dipo- 
doidea, which include jumping mice (Zapodidae) and jer- 
boas (Dipodidae), appear in the late Oligocene of Eurasia. 

The muroids are the most diverse assemblage of ro- 
dents, with approximately 1135 living species. Because of 
their basically similar anatomy, all have been classified in 
a single family. On the other hand, Chaline and his coau- 
thors (1977) recognized eight families. Carleton and Mus- 
ser (1984) divided the assemblage into 15 living and 11 
extinct subfamilies. Dawson and Krishtalka (1984) rec- 
ognized four families, but nearly all species can be placed 
either in the Muridae, which includes 460 species of Old 
World rats and mice, or the Cricetidae, which includes a 
host of fossil forms as well as the modern hamsters and 
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voles. The cricetids are known from the late Eocene of 
China and the early Oligocene of North America and 
Europe. The murids first appear in the Middle Miocene 
of southern Asia. They are restricted to the Old World 
and are the only group of rodents to reach Australia. 

The complexity of muroid radiation is daunting (Fig- 
ure 20-77) but the potential for evolutionary studies is 
enormous. They have a rich fossil record that is easily 
recovered through bulk washing and screening. The teeth 
show a complex morphology with a great variety of pat- 
terns. The group shows a succession of radiations 
throughout the late Cenozoic that has led to a great many 
new species within the past 3 million years. According to 
Chaline (1977), Microtus gave rise to 217 species and 
subspecies in North America in fewer than 1.5 million 
years. Jacobs (1984) cited the appearance of 30 genera 
and 180 species of cricetids in South America within the 
past 3.5 million years and over 100 species of murids in 
Africa during the past 10.5 million years. 

Two families from Africa occupy very isolated po- 
sitions among the rodents. Both the Anomaluridae (scaly 
tailed flying squirrels, with three living genera) and the 
Pedetidae (a single species, the spring hare) are known 
from the Miocene, but the early fossils resemble the living 
species too closely to help in establishing their ancestry. 
Both are hystricomorphous but sciurognathous. 

All remaining rodents have been included in the Hys- 
tricognathi, or Hystricomorpha, used as a suborder. The 
structure of the lower jaw and the multiserial pattern of 
the inner layer of enamel are generally accepted as dem- 
onstrating that all had a common ancestry. Most, but not 
all, are hystricomorphous. However, common ancestry 
has proven difficult to document from the fossil record. 

This assemblage is clearly divided into two groups 
on the basis of their distribution — the primarily South 
American caviomorphs and several groups that are pre- 
dominantly African. No member of this assemblage is 
definitely known before the middle to late Oligocene, at 
which time they first appear in both Africa and South 
America. This pattern is exactly the same as that of the 
anthropoid primates and exactly the same phylogenetic 
and zoogeographical problems are being argued (Ciochon 
and Chiarelli, 1980b). 

It has long been assumed that all members of the 
Hystricognathi shared a common origin among northern 
hemisphere rodents, but no particular genus or family has 
been convincingly demonstrated as occupying an ances- 
tral position. Lavocat (1978, 1980) contended that Af- 
rican hystricognathous genera arose from the Eurasian 
thryonomyoids, which are characterized by the presence 
of five transverse crests on the cheek teeth. He suggested 
that the South American caviomorphs arrived from Africa 
by rafting across the then much narrower South Atlantic 
during the Eocene. On the other hand, Wood (1980, 1983) 
and Patterson and Wood (1982) argued that the South 
American caviomorphs are more primitive when they first 
appear in the fossil record with, among other features, 
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Figure 20-77. RADIATION OF VOLES. From Chaline, 1977. By permission. 


only four crests on the cheek teeth and so could not have 
evolved from the African genera (Figure 20-78). Rather, 
they suggested, the Caviomorpha evolved from a Middle 
American assemblage termed the Franimorpha, which they 
considered to have had an incipiently hystricognathous 
lower jaw. The ancestral caviomorphs would have had to 
cross the water gap between North and South America 
by waif dispersal or rafting, but the distance was shorter 
than that between Africa and South America. Korth (1984) 
argued that all the genera that Wood included in the 
Franimorpha should be classified with other families of 
primitive rodents and that none show any trace of hys- 
tricognathous jaw structure. This problem remains un- 
resolved. 

Lavocat (1973) united the Thyronomyoidea, Bath- 
yergidae, Hystricidae, the Oligocene family Phiomyidae, 
and several other extinct groups in the infraorder Phiom- 
orpha to include all the Old World hystricognaths. Among 
the modern families the Bathyergidae, or mole rats, have 
only five living genera. They are exceptional in not having 
an hystricomorphous arrangement of the masseter. How- 
ever, Miocene fossils indicate that this condition was pres- 
ent in early members of the family. They can be traced 
back to the late Oligocene of Asia. The Hystricidae, or 
Old World porcupines, include three living genera; their 
fossil record goes back to the late Miocene in India, Africa, 


and Europe. The Pertromyidae (dassie rats) and Thryon- 
omyidae (cane rats), both of which include only a single 
living genus, are placed in the superfamily Thyronomy- 
oidea with a record from the Oligocene. 

The South American native rodents are a much more 
closely knit group and are all included in the infraorder 
Caviomorpha. The early evolution of this assemblage was 
most recently discussed by Patterson and Wood (1982). 

Seven families of caviomorph rodents are recognized 
in the middle Oligicene of Bolivia (Figure 20-78). In all, 
the dentition is reduced to 
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Figure 20-78. DENTITION OF OLD WORLD AND SOUTH AMER- 
ICAN MEMBERS OF THE HYSTRICOGNATHI. (a) The caviomorph 
Branisamys from the Middle Oligocene, LP 4 -M ] . (b) The Eurasian 
thryonomyoid Metaphiomys, Ldm 3-4 , M w . From Patterson and Wood , 
1982. 


Figure 20-79. STRATIGRAPHIC RANGES OF THE RODENT FAMILIES. 
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They are actually quite similar to one another in dental 
morphology but are classified according to the divergence 
of their descendants. Early members of the Erethizonto- 
idea, the ancestors of the New World porcupine, are the 
most divergent, but the remainder may have shared a 
recent common ancestry. Members of the Chinchilloidea, 
Cavioidea, and Octodontoidea are all present in this early 
fauna. The Octodontidae may be closest to the ancestry 
of the remaining groups. Only two of the sixteen families 
of caviomorphs recorded in the Tertiary are extinct. The 
capybaras extended into southern North America during 
the Pleistocene and the porcupine has spread throughout 
the forested portion of this continent. 

Cricetid rodents from North America expanded greatly 
in South America at the end of the Cenozoic, into niches 
that were apparently not occupied by any of the native 
rodents. 


Summary 

The long gestation period of placental mammals is 

possible due to the evolution of a new embryonic 
tissue, the trophoblast, which is responsible for preventing 
rejection of the embryo by the maternal immune system. 

Fossils of eutherian mammals are known as early as 
-the Lower Cretaceous. Many specimens have been de- 
scribed from the Upper Cretaceous of Mongolia. Ken- 
nalestes and Asioryctes may be close to the ancestry of 
most later placental mammals. Zalambdalestes and Ba- 
mnlestes represent a divergent lineage that shares some 
similarities with rodents and lagomorphs. 

A diverse fauna of placentals is known from the latest 
Cretaceous in North America, but most species are known 
from little more than jaws and teeth. A continuous dep- 
ositional sequence preserves fossils across the Maastrich- 
tian-Paleocene boundary and records the early stages in 
the radiation of Cenozoic mammals. Most of the major 
orders of mammals are known by the Eocene, but their 
specific interrelationships remain difficult to establish. Their 
classification is based primarily on the pattern of molar 
cusps. Each major group can be distinguished by spe- 
cialized characters, but it is more difficult to discover 
shared derived features that demonstrate specific inter- 
relationships between the major orders. 

Eurasia and North America were intermittently in 
contact throughout the Cenozoic. Africa was separated 
from Eurasia for much of the early Tertiary and South 
America was separated from North America except at the 
very end of the Cenozoic. 

Apatemyids, pantolestids, and leptictids are early 
Tertiary mammal groups that show only a limited radia- 
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tion and whose specific affinities with the major placental 
orders have not been established. 

Taeniodonts, tillodonts, pantodonts, and uintatheres 
were medium-to-large-sized herbivores that were com- 
mon in the early Tertiary but left no descendants. Their 
origins and interrelationships have not been established. 
Advanced members are clearly distinguished by divergent 
specializations of their dentition. Taeniodonts are known 
only in western North America, but the pantodonts and 
uintatheres (Dinocerata) are known in both North Amer- 
ica and Asia. Only the tillodonts are known in Europe as 
well. 

Living members of the order Insectivora retain fea- 
tures of the skull, dentition, and soft anatomy that may 
be little altered from the pattern of late Mesozoic euthe- 
rians. Shrews, moles, hedgehogs, and tenrecs share a com- 
mon ancestry that is distinct from that of other placental 
orders as indicated by the pattern of the bones around 
the orbit, the absence of a bony dorsum sellae, and the 
reduced pubic symphysis. 

Fossil bats, which are very similar to living species, 
are known from the early Eocene. The structure of the 
ear region indicates that they already had the capacity for 
echolocation. Their dentition resembles that of Paleocene 
insectivores related to shrews. 

Primates appear at the very end of the Cretaceous. 
Most Paleocene genera belong to the Plesiadapiformes, 
which are characterized by a dentition resembling that of 
rodents. More typical primates, the adapids and omo- 
myids, are common in the Eocene. They include the ances- 
tors of the modern prosimians. Members of the Anthro- 
poidea appear in the Lower Oligocene of Africa and the 
middle to late Oligocene of South America. Their specific 
origin has not been established. Hominids diverged from 
African apes between 6 and 10 million years ago. The 
ancestry of modern humans may be traced through the 
species Australopithecus afarensis, Homo habilis, and 
Homo erectus to Homo sapiens. 

Bats, primates, tree shrews, and the Dermoptera (flying 
lemurs) have been grouped as the Archonta, which sug- 
gests that they had a close common ancestry. This as- 
sumption is supported by molecular evidence but has not 
been confirmed by unique skeletal characters that are 
common to the primitive members of these groups. 

The creodonts were an archaic order of carnivores 
that were common in the late Paleocene and Eocene. The 
order Carnivora is represented in the Paleocene and early 
Eocene by the primitive miacids and viverravids. The 
modern families emerged in the late Eocene and early 
Oligocene. The fossil record of marine carnivores dem- 
onstrates that the sea lions and walruses evolved from 
relatives of primitive bears. Seals may share a common 
ancestry with walruses. 

Rodents and lagomorphs both evolved from early 
Cenozoic anagalids, which were common in eastern Asia. 
The elephant shrews, although known only in Africa, may 
have emerged from a similar ancestral stock. 
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Ungulates, Edentates, 
and Whales 

COND YL ARTH S 

Although the earliest placentals had a dentition that 

was suitable for feeding on insects, the early Cenozoic 
fauna was dominated by small omnivores and herbivores. 
Nearly 70 percent of the Puercan fauna (at the base of 
the Paleocene) can be included in the archaic order Con- 
dylarthra (Van Valen, 1978; Rose, 1981). The Condy- 
larthra, as that term is generally used, consists of a vast 
and diverse assemblage of primarily herbivorous placen- 
tals. 

The earliest adequately known genus is Protungu- 
latum from the latest Cretaceous (Figure 21-1). The lower 
jaw and dentition are well known and provide evidence 
of a significant dietary shift from the pattern of other 
Upper Cretaceous placentals. The cusps are relatively blunt 
and bulbous, which improves their capacity for crushing 
and grinding, and the significance of transverse shear is 
reduced; the trigonid and talonid of the lower molars are 
nearly equal in height. As in most early Tertiary euthe- 
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Figure 21-1. PROTUNGULATUM, AN UPPER CRETACEOUS 
CONDYLARTH. {a) Posterior teeth from the upper jaw. ( b and c) 
Lower jaw in occlusal and lateral view. From Sloan and Van Valen, 
1965. With permission from Science. Copyright 1965 by the American 
Association for the Advancement of Science. 


rians, the teeth are advanced over those of the Cretaceous 
“proteutherians” in the reduction of the stylar shelf. Those 
of Protungulatum are broadened by the elaboration of 
strong pre- and postcingula, and the pattern of cusps is 
squared up through the elaboration of a hypocone from 
the postcingulum. The protocone is shifted posteriorly 
and the paraconule and metaconule are enlarged. 

The pattern of the dentition and structure of the lower 
jaw are what would be expected in the common ancestor 
of many medium- and large-sized, herbivorous placentals 
of the Cenozoic, including the dominant large herbivores 
of the Northern Hemisphere, the artiodactyls and peris- 
sodactyls; a host of extinct groups common in the Tertiary 
of South America; a radiation of African orders including 
the elephants; and the terrestrial ancestors of the whales 
and sirenians. 

Condylarths are considered to represent an evo- 
lutionary grade. This assemblage is differentiated from 
more derived ungulates primarily on the basis of the re- 
tention of primitive characters. Condylarths include many 
recognizable lineages, several of which may be specifically 
related to one or more descendant orders. 

It is clear that the condylarths are due for a major 
taxonomic revision that would recognize the affinities of 
their constituent genera with the major orders of the later 
Cenozoic. However, such a revision will not be attempted 
here. Since there is still little evidence regarding specific 
interrelationships among the condylarths, the taxonomic 
usage in this text will follow the pattern of most recent 
papers. It also remains convenient to conceive of the con- 
dylarths as a single taxonomic unit, since all the members 
are clearly related to one another by immediate common 
descent, even if many are also related to the ancestry of 
later groups. Although it may be possible to demonstrate 


relationships between particular condylarth genera and 
primitive members of orders that have differentiated in 
the later Cenozoic, most condylarth genera are clearly 
recognized on the basis of the retention of a host of prim- 
itive characters. 

Protungulatum is placed in the family Arctocyonidae, 
which is accepted as including the most primitive con- 
dylarths and the ultimate ancestors of all later ungulates. 
In contrast with the specialization of the molar teeth for 
a diet that required crushing and grinding, the dentition 
is primitive in retaining a tooth count of 

3 14 3 

3 14 3 

without a diastema, and the premolars remain clearly 
distinct from the molars. The skull, which is known in 
early Tertiary genera, retains a narrow braincase and lacks 
a postorbital bar and the auditory bulla. A postglenoid 
foramen is retained. 

Following the classification of Van Valen (1978) and 
Cifelli (1983b), one can divide the Arctocyonidae into 
four subfamilies. The Oxyclaeninae is the most primitive 
of all and includes the ancestry of the other three arcto- 
cyonid subfamilies and may be directly ancestral to one 
or two other condylarth families as well as the artiodac- 
tyls. 

The Arctocyoninae is considered typical of primitive 
condylarths but is not thought to be directly ancestral to 
any later groups. The skull of Arctocyon is well known 
and illustrates the general pattern from which the later 
ungulates have arisen (Figure 21-2). Compared with later 
therians, we can see that it combines features that might 
be considered characteristic of both carnivores and her- 
bivores, which reflects the fact that later condylarths have 
specialized in both directions. The cheek teeth seem to be 
specialized for crushing and grinding and the incisors for 
cropping, as in herbivores, but the canines are enlarged 
and pointed. The great size of the adductor chamber and 
the relatively low position of the dentary condyle are sim- 
ilar to those of advanced carnivores, not herbivores, but 
these features are probably primitive and were retained 
from earlier, insectivorous placentals. The Triisodontinae 



Figure 21-2. SKULL OF ARCTOCYON, A PRIMITIVE CONDY- 
LARTH, xj. From Russell, 1964. 
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Figure 21-3. SKULL OF THE PRIMITIVE CONDYLARTH PERIP- 
TYCHUS, x 5. The Periptychidae is characterized by the wrinkling of 
the molar enamel. From Matthew, 1937. 

are thought to have given rise to the mesonychid con- 
dylarths, which in turn include the ancestors of cetaceans. 
The Loxolophinae may include the ancestry of most other 
ungulate groups. 

These subfamilies occur in the early Paleocene, within 
1 or 2 million years of the appearance of Proungulatum. 
The distinguishing characters of the individual arcto- 
cyonid subfamilies will be discussed with the derived groups 
with which they show close affinities. 

A second family of primitive condylarths, the Per- 
iptychidae, also appears in the late Cretaceous and is com- 
mon in the Paleocene. The molars are typically distin- 
guished by a wrinkling of the enamel (Figure 21-3). Van 
Valen (1978) places Perutberium, the only Cretaceous 
eutherian from South America, in the Periptychidae, but 
Cifelli (1983b) doubts that this genus is even a eutherian. 

The periptychid Ectoconus is one of the very few 
early Paleocene mammals that is known from a nearly 


complete skeleton (Matthew, 1937; Simpson, 1941). Al- 
though the dental anatomy may be somewhat divergent, 
the remainder of the skeleton is very primitive and may 
represent the pattern from which all later ungulates evolved 
(Figure 21-4). The skull resembles that of Arctocyon in 
its primitive features. The vertebral count is 7 cervicals, 
14 dorsals, 6 lumbars, 4 sacrals, and 24 caudals. The ulna 
and fibula, which are reduced and variably fused in later 
ungulates, are stout and separate. The manus and pes are 
fully pendactyl and retain all the carpals and tarsals com- 
mon to primitive placentals. The pattern of the carpals 
and tarsals would be considered alternating (Figure 21- 
5). One feature of Ectoconus that is clearly not primitive 
is its great size, with a length of nearly 2 meters including 
the tail. 

The Meniscotheriidae include some of the most spe- 
cialized condylarths with molarized premolars and lo- 
phodont cheek teeth (Gazin, 1955). They occur in the late 
Paleocene and early Eocene of North America and the 
late Paleocene of Europe. Despite their precocious 
achievement of an advanced dentition, they are not im- 
plicated in the ancestry of any of the modern ungulate 
groups (Figure 21-6). 

The hyopsodontids are common condylarths in the 
early Eocene and can be traced to the base of the Paleo- 
cene. Hyopsodus is a small form, with short, unspecialized 
limbs (Figure 21-7). The crescentic molar cusps of hyop- 
sodontids resemble those of primitive artiodactyls and 
they have frequently been suggested as being closely re- 
lated. However, no more specific features have been iden- 
tified that might ally the groups. Cifelli (1983b) consid- 
ered that hyopsodontids include the ancestry of some, if 
not all, of the South American ungulates. 

Phenacodonts are among the best-known condy- 
larths. Their anatomy will be discussed with that of their 
probable descendants, the perissodactyls. The phenacol- 
ophids are an, as yet, poorly known Asian family of con- 



Figure 21-4. SKELETON OF THE PALEOCENE CONDYLARTH ECTOCONUS. This genus exemplifies the primitive 
pattern for ungulates. Length about 2 meters. From Gregory, 1951 and 1957. 
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Figure 21-5. MANUS AND PES OK THE PRIMITIVE CONDY- 
LARTH ECTOCONUS, X j. The carpals and tarsals are alternating or 
overlapping, which is a primitive condition for ungulates. Abbreviations 
as in Figure 20-56. From Matthew, 193 7. 

dylarths that may be close to the ancestry of the African 
ungulate groups. 

The radiation of ungulates provides an important 
example of the different viewpoints that may be gained 



Figure 21-6. PALATE OF THE CONDYLARTH MEN1SCOTHER- 
1UM. This genus shows a complex pattern of the cusps, which is ad- 
vanced over that of all other condylarths. The solenodont condition 
resembles that of artiodactyls but was separately evolved. The posterior 
premolars are molarized to a higher degree than in any other early 
Tertiary ungulates. From Gazin, 1965. By permission of Smithsonian 
Institution Press, Smithsonian Institution, Washington, D.C. 



Figure 21-7. THE SMALL, SHORT-LIMBED EOCENE CONDY- 
LARTH FIYOPSODUS, Xj, From Gazin, 1968. By permission of 
Smithsonian Institution Press, Smithsonian Institution, Washington, D.C. 


by different approaches to classification. The orders of 
Cenozoic mammals have been recognized primarily on 
the basis of distinct anatomical and adaptational patterns 
that are exhibited by typical members of the major groups 
(see Van Valen, 1971b). For example, cetaceans are rec- 
ognized on the basis of aquatic adaptation, and the ar- 
tiodactyls and perissodactyls are defined on the basis of 
marked advances in the structure of the tarsus. As such, 
these groups are clearly recognized, and we may speak of 
the major evolutionary changes that are evident in their 
origins. The fossil record of both artiodactyls and peris- 
sodactyls shows a significant radiation following the 
achievement of these anatomical changes. 

As our knowledge of condylarths increases, our way 
of viewing these evolutionary advances may change sig- 
nificantly (Figure 21-8). In the case of the cetaceans and 
perissodactyls, their origin among the condylarths has 
been clearly documented. With this increase in our knowl- 
edge of their phylogenetic relationships, we can modify 
the classification of early ungulates to better reflect these 
affinities. The phenacodontids can be included among the 
perissodactyls and the mesonychids among the whales. 

Such a system of classification gives a much different 
picture of the origin of these mammalian orders (Van 
Valen, 1971b). If, as seems likely, it may eventually be 
possible to trace the ancestry of most of the placental 
orders back to the early Paleocene, or even the latest 
Cretaceous, the differences between the earliest ancestral 
forms will be very small — potentially no more than those 
that distinguish species or even populations within spe- 
cies. The origin of orders will become synonymous with 
the origin of species or geographical subspecies. In fact, 
this pattern is what one would expect from our under- 
standing of evolution going back to Darwin. The selective 
forces related to the origin of major groups would be seen 
as no different than those leading to adaptation to very 
slightly differing environments and ways of life. 

On the basis of a better understanding of the anatomy 
and relationships of the earliest ungulates, we can see that 
the origin of the Cetacea and the perissodactyls resulted 
not from major differences in their anatomy and ways of 
life but from slight differences in their diet and mode of 
locomotion, as reflected in the pattern of the tooth cusps 
and details of the bones of the carpus and tarsus. 


Figure 21-8. ALTERNATE PHYTOGENIES OF UNGULATE GROUPS, (a) Phylogcny showing the customary range of the 
major ungulate groups based on the achievement of new structural or adaptational features, (b) Phylogeny based on recognized 
affinities with particular families or subfamilies that are typically classified as condylarths. The Oxyclaeninae, Loxolophinae, 
and Triisodontinae are all classified within the condylarth family Archocyonidae. 
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By the use of a strictly phylogenetic method of clas- 
sification, we see that most of the major anatomical and 
adaptational changes occur within rather than between 
major taxonomic groups (in this case orders). 

Radinsky (1982) commented that the pattern of evo- 
lution seen in carnivores between the miacids and the 
modern families is qualitatively different from that seen 
in the origin of the artiodactyls and perissodactyls in that 
the latter is based on marked morphological changes and 
the former is not. To some degree, this may be a justifiable 
observation (considering the limitations of the fossil re- 
cord), but the validity of this comparison may be ques- 
tioned if we consider that the origin of the perissodactyls 
may be recognized as having occurred not at the emer- 
gence of Hyracotherium with its specialized calcaneal- 
navicular joint but rather at the time that the ancestral 
phenacodontids diverged from other early condylarths, 
which involved (as far as we know) only subtle differences 
in the dentition. 

Artiodactyla 

The artiodactyls are the most diverse ungulate group, 

with 79 living genera and a rich fossil record that 
goes back to the earliest Eocene. Twenty-seven families 
are recognized during the Cenozoic, of which ten survive 
in the modern fauna. 

The pattern of radiation resembles that of the un- 
gulates as a whole. From a clearly differentiated ancestral 
stock, they rapidly radiated into many distinct lineages, 
most of which had a relatively long subsequent history 
(Figure 21-9). The early evolution of the artiodactyls is 
fairly well documented by both the dentition and consid- 
erable skeletal material and provides the basis for fairly 
detailed analysis of evolutionary patterns. Numerous pa- 
pers describing Eocene artiodactyls have appeared re- 
cently (Rose, 1982, 1985; Golz, 1976; Sudre, 1977, 1978; 
Wilson, 1971, 1974; Black, 1978; Webb and Taylor, 1980; 
Krishtalka and Stucky, 1985). The most important con- 
clusion that can be drawn from this work is that the origin 
of nearly all the recognized families can be traced to the 
late Middle Eocene or the Upper Eocene and that specific 
interrelationships between these families are very difficult 
to document. 


PRIMITIVE ARTIODACTYLS 

The oldest genus that is recognized as an artiodactyl is 
Diacodexis, a rabbit-sized animal known from the Lower 
Eocene of North America, Europe and Asia (Rose, 1982, 
1985; Thewissen, Russell, Gingerich, and Hussain, 1983) 
(Figure 21-10). The entire skeleton presages the pattern 
of later artiodactyls, but it is allied with this group spe- 
cifically on the basis of the configuration of the astragalus, 
in which, uniquely among mammals, there are pulley- 


shaped articulating surfaces both proximally with the 
tibia and distally with the navicular and cuboid (Figure 
21-11). This pattern limits movement of the foot to the 
vertical plane, enabling much more effective translation 
of force across the joints. 

Comparison of limb proportions of Diacodexis with 
living ungulates indicates that it was the most highly cur- 
sorial of Lower Eocene mammals. Like other small cur- 
sorial mammals, it was probably capable of leaping and 
bounding as well. The hind limb is substantially longer 
than the front, and the tibia is markedly longer than the 
femur. The fibula is reduced to a splint and in some spec- 
imens is fused to the tibia distally. The elbow as well as 
the ankle joint are specialized so as to restrict movement 
to the vertical plane. The metacarpals and metatarsals are 
very elongate. They are not fused but are closely inte- 
grated with one another to form a single functional unit. 
As is characteristic of other artiodactyls, the third and 
fourth metapodials are the largest, and the third and fourth 
digits bear most of the weight of the body. The toes prob- 
ably bore small hoofs. 

In contrast with advanced artiodactyls, the clavicle 
is still retained, the ulna is complete and unfused, and the 
cuboid and navicular remain separate. The manus, which 
is more completely known in other early artiodactyls, 
retains five digits. As in condylarths and perissodactyls, 
the femur retains the third trochanter, which is lost in 
later artiodactyls. The first metatarsal is greatly reduced 
but the pes, in contrast with all other artiodactyls, retains 
all five digits. 

In marked contrast with the limb proportions and 
structure of the ankle, the skull and teeth of Diacodexis 
remain very primitive. The basicranium retains an essen- 
tially condylarth pattern (Coombs and Coombs, 1982). 
All the teeth of primitive ungulates are retained without 
gaps. The cusps are blunt and the upper molars retain a 
primitively triangular configuration (Figure 21-12). The 
extremely rapid radiation of artiodactyls within the Eocene 
must be attributed primarily to advances in their loco- 
motor apparatus, not to changes in their dentition. 

Van Valen (1971a) recognized five genera of early 
Eocene artiodactyls: Diacodexis, W asatchia, Bunopho- 
rus, Hexacodus, and Protodichobune, all of which are 
placed within the Dichobunidae. The postcranial anatomy 
of the dichobunids appears significantly advanced relative 
to that of all condylarths and no intermediates are known. 
Schaeffer (1947) discussed the important changes in the 
tarsus that distinguish artiodactyls. The pattern of the 
astragalus can be derived from that of primitive condy- 
larths, but they are distinguished by a significant mor- 
phological and functional gap. 

The dentition retains a pattern that suggests deri- 
vation from among the most primitive arctocyonids. Van 
Valen (1971a, 1978) indicated that their closest affinities 
may lie with Chriacus [ Tricentes ] in the subfamily Oxy- 
claeninae from the Lower Paleocene. Among the derived 
features shared by Chriacus and Diacodexis are the mod- 


Figure 21-9. STRATIGRAPHIC RANGES OF ARTIODACTYL FAMILIES. 
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Figure 21-10. SKELETON OF THE LOWER EOCENE ARTIODACTYL DIACODEXIS, ABOUT THE SIZE OF A RAB- 
BIT. The limb structure is very specialized for cursorial locomotion. From Rose, 1 982. With permission from Science. Copyright 
i 982 by the American Association for the Advancement of Science. 



(a) Astragalar foramen (b) 




Astragalocalcancal 



Sustentacular 

facet 



Figure 21-11. Comparison of the astragalus of (a) the hyopsodont 
Choeroclaenus and (b) the primitive artiodactyl Diacodexis. The prox- 
imal and distal articulating surfaces of Diacodexis are in the shape of 
a pulley, which allows controlled flexion in the vertical plane between 
the lower leg and the foot. From Schaeffer, 1 947. (c) Foot of a primitive 
artiodactyl, the oreodon Agriochoerus. From Scott, 1940. 


erately strong paracristid on P 4 and the fact that the tal- 
onid of M, and M 2 is wider than the trigonid; both have 
relatively large lingual cingula. As importantly, these gen- 
era share primitive features that are lost in other groups 
of early ungulates but are retained by other early artio- 
dactyls. Of particular importance is the fact that the upper 
molars of the earliest artiodactyls still lack a hypocone. 
The third lower premolar is not reduced and the canine 
is still moderately large. The condyle of the lower jaw is 
not greatly elevated above the tooth row. In contrast with 
the skull, the postcranial skeleton of Chriacus remains 
primitive, with no evidence for the inception of a par- 
axonic manus or pes. 



Figure 21-12. (a) Upper molars and posterior premolars of the earliest 

artiodactyl Diacodexis, X 3. From Sinclair, 1914. ( b ) Upper dentition 
of the oxyclaenine arctocyonid Chriacus [ Tricentes ], which is close to 
the pattern of primitive artiodactyls, X 1. From Matthew, 1937. (c) 
Lower dentition of Chriacus. From Matthew, 1937. 
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It is customary to use the achievement of the spe- 
cialized astragalus as a basis for defining the origin of 
artiodactyls. Alternatively, one might define them on the 
basis of their initial phylogenetic divergence from the arc- 
tocyonid stock, at the point when they branched from a 
sister group that includes the ancestors of one of the other 
ungulate orders. 

By the middle Eocene, we can recognize several ar- 
tiodactyls lineages. Three or four subfamilies can be in- 
cluded within the Dichobunidae, which are united by the 
retention of primitive characters. Members of the Dia- 
codexinae, which are known from the Lower Eocene, are 
considered the most primitive of all artiodactyls. They are 
thought to include the ancestry of the Middle and Upper 
Eocene Dichobuninae and Homacodontinae (Figure 21- 
13). The latter subfamilies are distinguished by the pres- 
ence of a consistently well -developed hypocone, while this 
cusp was variably present in the Diacodexinae. The hy- 
poconulid of M] and M 2 develops from a cingular posi- 
tion in a saddle between the hypoconid and the entoconid. 

The Helohyinae is included within the Dichobunidae 
by most authors, but Coombs and Coombs (1977) con- 
sider that it represents a distinct family. The molars are 
inflated and bulbous but the cusp pattern appears prim- 
itive; the premolars are simple and trenchant and the 
hypocone is absent (West, 1984). The Diacodexinae and 
Homacodontinae are common in North America but the 
Helohyinae (idae) is more common in Asia, where it may 
have originated. 



Figure 21-13. SKULL OF THE PRIMITIVE ARTIODACTYL HOM- 
ACODON. ( a ) Dorsal, (b) palatal, and (c) lateral views, x|. This genus 
may be dose to the ancestry of several advanced artiodactyl families. 
From Sinclair, 1914. 


Artiodactyls radiated extensively in all the northern 
continents in the early and middle Eocene; approximately 
20 families appeared by the late Eocene. By the end of 
the Eocene, all of the major groups of artiodactyls had 
emerged. Modern members of the order can be conve- 
niently classified in three major groups: the suborder Sui- 
formes, including the modern pigs, peccaries, and the hip- 
popotamus; the Tylopoda (camels and llamas); and the 
Ruminantia, including tragulids, giraffes, deer, and the 
diverse assemblage of antelopes and cattle. 

An informal twofold division may be recognized on 
the basis of the dentition between the primitive artiodac- 
tyls and the suiforms on one hand, which generally retain 
a bunodont dentition with gently rounded cusps, and the 
remaining genera, in which the cusps assume the shape 
of a crescent or half moon, the selenodont condition. Limb 
structure and proportions remain primitive in the sui- 
forms but are more advanced in the other two groups. In 
their dentition and limb structures, the suiforms are char- 
acterized by primitive features, but they also share one 
readily recognized cranial apomorphy. Like other euthe- 
rians, the posterior surface of the otic capsule, the mas- 
toid, is exposed posteriorly in camels and early ruminants. 
In contrast, the squamosal extends over the mastoid to 
reach the exoccipital in the modern suiform groups. 

A variety of primitive artiodactyls have been placed 
in a separate, clearly paraphyletic suborder, the Palaeo- 
donta (Romer, 1966). Several of these groups may now 
be included within more derived taxa, but the Dichobun- 
idae retains the position of a stem group that may include 
the ancestors of all other artiodactyls. 

SUIFORMS 

Diacodexis is the earliest and generally most primitive 
artiodactyl, but the cursorial specializations indicated by 
the great length of the distal limb elements are more ad- 
vanced than the condition seen in early members of the 
suiforms. According to Rose (1982, 1985), the short limbs 
of the suiforms may be interpreted as indicating either 
that they had secondarily reduced the degree of cursorial 
specialization or that this group had diverged from the 
basal stock of artiodactyls at a more primitive stage than 
that represented by Diacodexis. Both Guthrie (1968) and 
Rose (1985) believe that the great elongation of the distal 
limb elements and the reduction of the lateral toes in 
Diacodexis are specializations that are reduced in later 
dichobunids and perhaps in the immediate ancestors of 
suiforms. The partial fusion of the ecto- and mesocunei- 
form is a derived feature that may specifically exclude this 
genus from the ancestry of groups other than the rumi- 
nants and camels. 

Anthracotheriids and Hippopotami 

Among the Suiformes, the earliest group that became 
abundant was the Anthracotheriidae. Coombs and Coombs 
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(1977) trace this family back to the middle Eocene he- 
lohyids. Primitive members of these two families are dis- 
tinguished from the diacodexids by the more bulbous cusps 
of the molar teeth, the presence of a strong continuous 
cingulum, and larger body size. Anthracotheriids are a 
primarily Old World group; they may have originated in 
Asia. They were diverse in the late Eocene of Burma and 
later became widespread in Europe. They were common 
from the early Oligocene into the early Miocene in North 
America and in Africa from the early Oligocene into the 
Pliocene (Black, 1978). They lingered into the Pleistocene 
in Asia. 

The early anthracotheriids were terrier sized, but later 
genera were as large as a hippopotamus (Figure 21-14). 
In some advanced genera, the molars were squared and 
the cusps selenodont. The limbs were short and stout, 
without cursorial adaptations. The metapodials were short 
and unfused; five digits were retained in the front foot 
and four in the rear. Advanced members of the group are 
found in deposits that suggest that they were amphibious 
in habit. Merycopotamus from the late Miocene to Pli- 
ocene of Africa and southern Asia links this family with 
the Hippopotamidae. More than other anthracotheriid, 
it shares with them a deep flange at the angle of the jaw. 
Both the upper and lower canines and the lateral lower 
incisors are considerably enlarged, especially among the 
males. 

Only two genera are recognized among fossil and 
recent members of the Hippopotamidae — the amphibious 
form Hippopotamus, which is common today in wet areas 
throughout Africa south of the Sahara, and the slightly 
•more terrestrial pygmy hippo Hexaprotodon f Choerop - 
s/sf, which is restricted to forest and coastal plains from 
Guiana to the Ivory Coast (Figure 21-15). 


Fossils are known throughout Eurasia in the Pliocene 
and Pleistocene. Fragmentary remains of early members 
of the Hippopotamidae are known as early as the early 
Miocene, some 1 8 million years ago, in Africa. They retain 
the primitive ungulate tooth formula of 

3 14 3 
3 14 3 

but the upper canines are diagnostic in the presence of a 
deep posterior groove, and the molars wear so as to show 
a triangular trefoil pattern that clearly distinguishes them 
from the anthracotheriids. 

The modern species have reduced the formula to 

2 1 3 ' 4 3 ,rj J ^ 

- — - — — - (Hexaprotodon) 
and 

2 1 3 3 /Lr . 

- — - — - — - ( Hippopotamus ) 

These genera are also distinguished by skull proportions, 
with the orbit more posterior and dorsal in position in 
Hippopotamus and the snout broader and longer relative 
to the extent of the cheek teeth. 

The Hippopotamidae became common between 4 
and 6 million years ago. The first complete skull is that 
of Hexaprotodon. The postcranial skeleton shows slender 
limbs that suggest an animal more agile and less amphib- 
ious than Hippopotamus. The rise of the hippos, which 
were first recorded in East Africa, seems to be correlated 
with a local decline in the anthracotheriids. 



Figure 21-14. THE ANTHRACOTHER1D ANCODUS. From the Oligocene of western North America, x From Scott, 
1894. 
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Figure 21-15. DIAGRAMMATIC COMPARISON OF THE CRAN- 
IUM OF THE LIVING HIPPOPOTAMUS GENERA, (a) Hexaprotodon 
and (b) Hippotamns. From Coryndon, 1978. Reprinted by permission 
of Harvard University Press. 

The genus Hippopotamus, with only two pairs of 
lower incisors and a larger, heavier body, appears between 
3 and 4 million years ago. Coryndon (1978), who most 
recently reviewed the evolution of this family, attributes 
the restriction of the terrestrial forms and the aquatic 
specialization of the genus Hippopotamus to competition 
with the terrestrial Bovidae that became increasingly 
abundant in the late Cenozoic. The Anthracotheriidae and 
Hippopotamidae are combined in the superfamily Hip- 
po potamoidea. 

Primitive piglike forms 

Several families of primitive piglike forms are known in 
the Eocene and Oligocene, including the Cebochoeridae 
and Choeropotamidae, which Coombs and Coombs (1977) 
suggest may share an ancestry among the Helohyidae. 
The entelodonts, which extended into the early Miocene, 
were common in North America and Europe. They were 
large animals, with the skull reaching nearly 1 meter long. 
They are characterized by the presence of bony processes 
from the lower jaw and zygomatic arch (Figure 21-16). 
Gazin (1955) suggested an origin directly from the he- 
lohyines of the Dichobunidae, although the likelihood of 
this relationship is questioned by Coombs and Coombs. 


Suidae and Tayassuidae 

Members of the Suidae are known as early as the Lower 
Oligocene in Europe; they have been restricted to the Old 
World throughout their history. Within the group, the 
first digit of the manus is lost but there are few other 
changes in the postcranial skeleton. Although the cheek 
teeth remain bunodont, the cusp pattern may become very 
complicated (Figure 21-17). The upper canines curve out- 
ward and upward. 

The Tayassuidae may have had a common ancestry 
with the suids, but peccaries are first known in the early 
Oligocene of North America. They appear in Europe from 
the Middle Oligocene to the Miocene, extend into Asia 
and Africa in the Pliocene, and enter South America in 
the Pleistocene. The molar teeth are less complex than 
those of the Suidae and the upper canines are straight. All 
three incisors are retained in both upper and lower jaws. 
Some genera within the group developed a more advanced 
postcranial skeleton. In Platygonus, the metatarsals and 
metacarpals are fused and there are only two toes on the 
fore feet and hind feet. The living genus Tayassu is more 
primitive in retaining four toes on the forefoot and three 
on the hind. 


PRIMITIVE SELENODONT ARTIOD ACT YLS 

While the suiforms retained a relatively conservative den- 
tition and locomotor apparatus throughout their history, 
many other artiodactyl lineages achieved a more advanced 
dentition within the late Eocene, with squared molars and 
crescentic cusps (Figure 21-19). The genera included within 
the Dichobunidae may have given rise to all the advanced 
families, but it is difficult to establish specific interrela- 
tionships. Wilson (1974) demonstrated five different ways 
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in which a selenodont pattern evolved in different groups 
of Upper Eocene artiodactyls, all of which may have been 
derived from a pattern like that of the homacodontine 
dichobunids (see Figure 21-13). In association with changes 
in the molar teeth, the anterior end of the skull is elongated 
in many groups, which results in gaps behind the incisors 
and between the canines and anterior premolars. The lower 
incisors become procumbent, probably for more effective 
cropping of vegetation. In several groups, the lower canine 
teeth come to resemble the incisors and the first lower 
premolar becomes large and caniniform. This speciali- 
zation appears to have occurred separately in several groups, 
if we judge by relationships based on the molar teeth and 
the postcranial skeleton. 

Among primitive members of the derived groups of 
selenodont artiodactyls, the radius and ulna are not ini- 
tially fused, the metapodials remain separate, and five toes 
are retained in the manus and four in the pes. The orbit 
is only partially closed posteriorly, and the mastoid is 
exposed laterally. 


(c) 




Figure 21-17. (a) Skull of the Oligocene peccary Perchoerus from west- 

ern North America. From Scott, 1 940. {b and c) Upper and lower den- 
tition of Perchoerus. From Scott, 1 940. (d) Complex cheek teeth of the 
suid Nyanzachoerus . Front Harris and White, 1979. 


Mery coidod ontoidea 

The Merycoidodontoidea were a common and diverse 
assemblage that we know from the late Middle Eocene 
into the Pliocene; they were entirely restricted to North 
America. Most were the size and proportions of pigs and 
sheep, with relatively short limbs and primitive feet (Fig- 
ure 21-18). 

Throughout the group, the face remained short and 
gaps did not develop between the anterior teeth (Figure 
21-19). The labial crests of the upper molars were the 
first to become highly crescentic, but in most members of 
the group both the upper and lower molars bear four 
large crests. The upper incisors are reduced, the lower 
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Figure 21-19. SKULL OF THE OREODON BATHYGENYS. (a) Lat- 
eral and ( b ) palatal view. From Wilson, 1971. 


incisors and canines are procumbent, and the first lower 
premolar assumes the function of the canine. 

The early genera Protoreodon, Diplobunops, and 
Agriochoerus are placed in the family Agriochoeridae, 
which Golz (1976) suggests probably evolved from a hom- 
acodontine dichobunid near Bunomeryx . Early agrioch- 
oerids are differentiated by a progressive development of 
selenodonty, molarization of the premolars, and reduc- 
tion of the hypocone. The ungual phalanges of Diplo- 
bunops and Agriochoerus are long and laterally com- 
pressed — more like claws than the hoof-bearing feet of 
other artiodactyls (see Figure 21-1 1). It has been suggested 
that they climbed trees, although the hands and feet show 
little adaptation for grasping (Coombs, 1983). Elongation 
of the unguals may have been less extreme in the early 
agriochoerids, which are known primarily from skulls. 
Wilson (1971) described the gradual evolution of the late 
middle Eocene genus Protoreodon into the diverging lin- 
eages of Agriochoerus and the oreodon Merycoidodon. 
The agriochoerids continue in diminishing numbers into 
the Lower Miocene. In contrast, the Merycoidodontidae 
were extremely common in the Oligocene and Miocene 
and might have formed large herds. Schultz and Falken- 
bach (1968) recognized 11 subfamilies. 

Anoplotheroidea 

A second but less diverse assemblage of primitive selen- 
odont artiodactyls are known in Europe as contempor- 
aries of the merycododontoids. Sudre (1977) combined 
the cainotheriids and anoplotherids in the superfamily 
Anoplotheroidea. Their specific affinities are uncertain. 
Romer (1966) placed them among the Tylopoda, hut no 


specific affinities with the Camelidae have been estab- 
lished. Rose (1985) pointed out that the postcranial mor- 
phology and limb proportions of the well-known Cain- 
otherium show detailed resemblances to Diacodexis, which 
suggest origin from the basal artiodactyl assemblage. 

TYLOPODA 

Camelidae 

The first modern family of selenodont artiodactyls to ap- 
pear in the fossil record is the Camelidae, which is known 
in the Upper Eocene. The oldest recognized genus is Poe- 
brodon (Gazin, 1955). Like most early members of this 
family, it is from North America. Golz (1976) was unable 
to identify a specific ancestry for camels but suggested 
that they may have arisen from the homacodontine di- 
chobunids. The lower molars of primitive camels are dis- 
tinguished from those of other early selenodont artiodac- 
tyls by the deflection of the anterior crest of the hypoconid 
inward and away from the posterior crest of the proto- 
conid and its joining instead with the entoconid (Gazin, 
1955). In contrast with the Merycoidodontoidea, the lower 
first premolar and canine are of equal size. 

We have complete skeletons of the Lower Oligocene 
genus Poebrotherium (Figures 21-20 and 21-21). Early 
camels are notable for the great elongation of the neck 
and limbs and the consolidation of the metapodials in 
advance of other early artiodactyls. The ulna is coossified 
with the radius. The proximal portion of the fibula is fused 
to the tibia. The distal portion, termed the malleolar, 
serves the function of a tarsal element and moves with 
the calcaneum and the astragalus. By the Oligocene, me- 
tapodials II and V were reduced to tiny splints and lacked 
phalanges. All the weight was supported by digits III and 
IV (Figure 21-22 a). 

Webb (1972) outlined the evolution of the locomotor 
apparatus in later camels. Primitive genera bore small 
hooves, but they are reduced in the Miocene and func- 
tionally replaced by pads as in the modern camel. This is 
confirmed by footprints of a modern pattern from the 
Upper Miocene. These footprints also demonstrate that 
early genera had already achieved the specialized pattern 
of limb movements that characterize the living camels. In 
contrast with the pattern in horses and most running 
mammals, the front and hind limbs on one side of the 
body are moved in unison; as both limbs on the left side 
are moved forward, those on the right remain in place. 
This pattern is termed pacing and enables the limbs to 
have a very long stride without interfering with one an- 
other. This gait is most effective in open terrain where 
there is little need for maneuverability, but even there, 
lateral stability is drastically reduced. To compensate for 
this instability, the limbs are brought close to the midline 
so there is as little lateral movement as possible. Camels 
have reversed the trend toward more extreme unguligrady 
that is seen in other ungulates and returned to a digitigrade 
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Figure 21-20. SKELETON OF THE NORTH AMERICAN OLIGO- 
CENE CAMEL POEBROTHERIUM. From Scott, 1940. 


posture with the two toes sharply bent and widely spread. 
In contrast with both modern suids and ruminants, camels 
are specialized in the loss of ligaments joining the toes. 

Rapid changes in limb structure during the middle 
Miocene coincide with the spread of steppe and grassland 
in North America. They are correlated with a shift to 
high-crowned teeth that are capable of grinding abrasive 
vegetation. 

Camels were restricted to North America for most 
of the Tertiary. Only in the Pliocene did camels expand 
into Eurasia to give rise to the living Bactrian camel and 
the dromedary. Schmidt-Nielsen (1964) described their 
capacity for endurance in deserts. Also during the Pli- 
ocene, the llamas, which had originated in North America, 
spread into South America. At the end of the Pleistocene, 



Figure 21-22. REAR FEET OF SELENODONT ARTIODACTYLS. 
Figure 21-21. Skull of the camel Poebrotberium. In (a) dorsal, ( b ) (a) The Oligocene camelid Poebrotherium. (b) The protocerid Proto- 
palatal and ( c ) lateral views. From Scott, 1940. ceras. From Scott, 1940. 
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camels became extinct in North America, which coincided 
with the extinction of many other large mammals (Martin 
and Klein, 1984). 

In the past, several other families have been grouped 
with the camels, but their phylogenetic position remains 
uncertain. 

Oromerycidae 

The Oromerycidae (which were most recently discussed 
by Prothero, 1986) include six genera limited to the late 
Eocene and early Oligocene of North America. The me- 
tapodials are not fused and the manus is still four toed, 
but the lateral toes of the pes are greatly reduced. Within 
the group the limbs become elongate, the ulna and radius 
are fused, and the fibula is reduced. 

The oromerycids are distinguished from all other early 
North American selenodontids in having a bifurcate pro- 
tocone; the entoconid is joined by a crest to the metaconid. 
Selenodonty is further elaborated within this group. 

Many features of the limbs and feet advanced toward 
the pattern of camels but they were certainly achieved 
separately within each group. Golz (1976) suggests that 
they could have shared a common ancestry only at the 
level of the dichobunids. Their molars share general sim- 
ilarities with those of the agiochoerids, but the Pi is not 
caniniform. 

Xiphodontidae 

Xiphodonts are a further camel-like group common in 
Europe in the late Eocene and early Oligocene. They early 
achieved a didactyl limb with only splints of side meta- 
podials. The dentition appears camel-like, but primarily 
in primitive features. Since the early evolution of camelids 
is entirely limited to North America, and they appear to 
have diverged directly from primitive dichobunids, it seems 
unlikely that they share a unique common ancestry with 
the xiphodontids, although they have long been consid- 
ered to be closely related. Viret (1961) suggested that the 
Amphimerycidae may be allied with the Xiphodontidae 
rather than with the Pecora, as has previously been sug- 
gested. 

Protoceratidae 

The protoceratids are yet another group of long-limbed, 
selenodont artiodactyls that is known from the late Eocene 
into the Pliocene in North America. They have been clas- 
sified with camelids, hypertragulids, and leptomerycids 
on the basis of similarity of limb structure (Figure 21- 
22b). Late Eocene fossils do not demonstrate specific sis- 
ter-group relationships of any of these families with the 
early Protoceratidae. Golz (1976) proposed that they, like 
the camelids, hypertragulids, and agriochoerids, may have 
evolved from among the homacodontine dichobunids. 
Webb and Taylor (1980) cite several shared derived fea- 
tures, most importantly the structure of the vertebral ar- 
terial canal that unites the camelids and protoceratids. 



(b) 



Figure 21-23. {a) Skull of the protocerid Paratoceras from the Miocene 

of North America. ( b ) Teeth of the same genus. From Patton and Taylor, 


1973. 


Early protoceratids are primitive in retaining four 
toes in the front and hind limbs, but the side toes of the 
pes are reduced. In contrast with early camels, they lack 
coossification of the ulna and radius and the fibula and 
tibia and the metapodials are not fused. The forelimbs 
are significantly shorter than the hind limbs. The dentition 
is advanced relative to that of contemporary hypertrag- 
ulids, agriochoerids, and oromerycids in developing a 
tetra-selenodont pattern of the upper molars. In contrast 
with early camels, the upper molars are widened in oc- 
clusal view, rather than narrowed. In advanced genera, 
as in camelids and ruminants, the upper incisors are lost. 
Like the merycoidodontoids, the first lower premolar is 
caniniform and the lower canine is incisiform (Patton and 
Taylor, 1973). 

Advanced protoceratids, such as Paratoceras (Figure 
21-23) are characterized by the development of bony pro- 
tuberances in a variety of bizarre patterns. They may ex- 
tend from the temporal crests of the parietal, the supraor- 
bital border of the frontal, and the dorsal border of the 
maxilla (Webb, 1981). 


RUMINANTS 

Although the differentiation of early artiodactyls from 
primitive ungulates and their large-scale radiation in the 
Middle and Upper Eocene may be attributed primarily to 
more sophisticated locomotor apparatus, the large-scale 
radiation in the Upper Eocene is accompanied by the evo- 
lution of a selenodont dentition that presumably enabled 
them to process coarse plant food much more effectively 
than the primitive bunodont genera. The continued sue- 
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cess of the hippos, camelids, and ruminants may be at- 
tributed to advances in the structure and function of the 
digestive tract. These changes have left no direct fossil 
record, but the distribution of features among modern 
genera makes it possible to estimate the time of their origin 
in relationship to the pattern of phylogenetic divergence. 

Among modern artiodactyl families, only the suids 
retain a primitive stomach that shows little difference from 
that of nonungulate mammals. The tayassuids and hip- 
popotamids both possess expansions from the fore part 
of the stomach that store food undergoing digestion, but 
differences in structural details suggest that they evolved 
separately. The camels and the Ruminantia have more 
complex stomachs, which include large chambers for the 
breakdown of cellulose by bacteria and protozoa. Langer 
(1974) suggested that the structure of the stomachs in 
these groups is homologous in a general way but that 
much specialization must have occurred separately since 
their divergence in the Eocene. The pecorans have the 
most complex stomach of all, including the omasum, which 
is missing in tragulids. 

Vaughan (1978) emphasized the importance of the 
slow but thorough extraction of nutrients from plant food 
that characterize the ruminants and place them at a con- 
siderable advantage over other ungulates in times of food 
shortage. 


Primitive ruminants 

Most modern artiodactyls, a total of approximately 65 
genera, belong to a single group, the Pecora, including 
deer, giraffes, cattle, sheep, goats, and antelopes. Their 
ancestry can be traced back to the early artiodactyls, but 
their major radiation apparently occurred somewhat later 
than that which gave rise to pigs, hippos, and camels. 

Rose (1985) emphasized that the limb proportions 
of Diacodexis from the early Eocene already approached 
the pattern of modern ruminants such as the tragulids 
(small deerlike genera living today in Africa and southern 
Asia), although details of limb structure are much more 
primitive. 

The ancestors of the pecorans can be recognized in 
the late Eocene by the achievement of specializations of 
the foot structure that unite all members of this assem- 
blage as a monophyletic group. The first uniquely pecoran 
character that can be recognized is the fusion of the cuboid 
and navicular of the tarsus (Figure 21-24). This character 
is evident in three families that appear first in the Upper 
Eocene: the Hypertragulidae, which are restricted to North 
America; the Leptomerycidae, which are known first in 
central Asia; and the Eurasian family Gelocidae. The early 
hypertragulids are the most primitive in other features of 
the skeleton, which suggests that this family is close to 
the origin of the entire assemblage. The earliest recognized 
member of the Hypertragulidae is Simimeryx, which we 
know primarily from the dentition that indicates a close 
relationship to the homocodont dichobunid Mesomeryx 




Figure 21-24. (a) Rear foot of the primitive ruminant Hypertragulus 

from the Oligocene of North America showing fusion of cuboid and 
navicular. From Scott, 1940. (b) Foot of Arcbaeomeryx. From Colbert, 
1941b. (c) Foot of Leptomeryx. From Scott, 1940. 


(Golz, 1976). To the extent that these fossils are known, 
the original divergence of the pecoran stock from the 
primitive artiodactyls involved reduction of the cingula, 
increased selenodonty and hypsodonty, and loss of the 
paraconule of the upper molars. 

Hypertragulus from the early Oligocene is a much- 
better-known member of this family (Figure 21-25). It 
was a small animal with long limbs that was capable of 
rapid running and bounding. Details of limb structure 
indicate the retention of many primitive features. There 
are still five toes on the manus and four on the pes, al- 
though the lateral toes were somewhat reduced. The ulna 
and radius are coossified and the fibula is complete but 
much reduced and fused at both ends with the tibia. Me- 
tapodals II and IV remain separate. 

The postorbital bar remains incomplete and the mas- 
toid bone is extensively exposed laterally. It is progres- 
sively covered by the squamosal in later ruminants. The 
upper incisors are reduced, which foreshadows their loss 
in later pecorans. The upper canine retains its primitive 
configuration, but the lower canine is incisiform and its 
functional role is taken by the caniniform first premolar, 
as in merycoidodontoids and protoceratids. 

The two other families that appear in the Eocene, the 
Leptomerycidae (Figure 21-26) and the Gelocidae, are 
more advanced than the hypertragulids in the fusion of 
the magnum and trapezoid and the loss of the trapezium 
and metacarpal I (Figure 21-27). The shaft of the fibula 
is no longer fully ossified; the distal end (termed the mal- 
leolar) functions like a tarsal element. A similar change 
occurred among the camelids. 

These advances are also evident in the fossil and liv- 
ing tragulids. The fossil record of the Tragulidae goes back 
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no further than the early Miocene when they appear in 
Europe, Africa, and Asia, but the living genera have long 
been considered the most primitive ruminants. Webb and 
Taylor (1980) suggest that they represent a level of evo- 
lution just above that of the hypertragulids, since they are 
more primitive than the leptomerycids and other rumi- 
nants in the nature of the articulation of the malleolar 
with the calcaneum. The postorbital bar in tragulids is 
complete but it is formed primarily by the jugal rather 
than by the frontal as in other advanced ruminants, sug- 
gesting that this feature was achieved separately in tra- 
gulids. The side metapodials are retained, although their 


size is reduced. Gentry (1978) contends that the living 
and Miocene tragulids might be classified within a single 
genus. 

The gelocids are the most advanced of the Upper 
Eocene ruminants in the elongation of the principal met- 
atarsals. The astragalus is compact and parallel sided, as 
in the Pecora, with the proximal and distal articulation 
surfaces in the same plane. The lateral metapodials are 
further reduced. The premolar teeth are more complex, 
with four lingual crests, and the mastoid has only a nar- 
row posterior exposure. All these features suggest that 
they are close to the ancestry of the living pecorans. 



Figure 21-26. ARCHAEOMERYX. Skeleton of a member of the primitive ruminant family Leptomerycidae, x Colbert, 
1941b. 
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Figure 21-27. MORPHOLOGICAL CHANGES IN THE FRONT FEET 
OF HORNLESS RUMINANTS, (a) Hypertragulus. ( b ) Arckaeomeryx. 
(c) Leptomeryx. From Webb and Taylor, 1980. I to V, metacarpals. 

Webb and Taylor (1980) suggest that the hypertra- 
gulids, tragulids, leptomerycids, and gelocids represent a 
sequence of families that progressively approached the 
ancestry of modern pecorans. Study of the gelocids by 
Viret (1961) and Hamilton (1973) suggests that the Pe- 
cora probably diverged from this family in the Upper 
Eocene or Lower Oligocene. 

Webb and Taylor consider the extant family Mos- 
chidae, the musk deer, to be a sister group of other living 
pecorans. Members of this family are notable for their 
enlarged canines and absence of antlers. The exclusion of 
the Moschidae from the remaining pecorans allows that 
group to be defined on the basis of the presence of frontal 
appendages. 

Pecora 

Four families of pecorans are recognized in the modern 
fauna — the Cervidae, Giraffidae, Antilocapridae, and 
Bovidae — all of which can be distinguished by the nature 
of their frontal appendages. The Bovidae alone are said 
to have true horns consisting of a conical bony horn core 
surrounded by a keratin sheath; neither are shed. The 
Antilocapridae, the pronghorned “antelope” of North 
America, has the same elements but the sheath is shed 
annually and both core and sheath may be forked. Gi- 
raffes have a bony horn core but it is covered with skin 
rather than a keratin sheath. The term ossicone is applied 
to this structure. Ossicones may be in the shape of a simple 
spike, as in the living giraffe and okapi, or they may be 


forked or palmate as in diverse late Cenozoic genera of 
the Old World. Cervids characteristically have forked bony 
structures, termed antlers that are shed annually. They 
are attached to a pedicel extending from the skull that is 
comparable to the ossicone of giraffes. The horn cores of 
bovids and giraffids develop separately and later fuse to 
the skull. The antlers of cervids develop as outgrowths of 
the frontals (Bubenik, 1966). 

The Antilocapridae and Bovidae are customarily united 
in the superfamily Bovoidea, and the Cervidae and Gir- 
affidae are joined in the Cervoidea. However, the inter- 
relationships of these families are not firmly established 
(Janis and Scott, 1987), Hamilton (1978a, b) believes that 
frontal appendages have evolved separately within the 
Cervidae and suggests that this family should be consid- 
ered as the sister group of giraffids, antilocaprids, and 
bovids. Janis (1982) argues that frontal appendages have 
evolved several times within the Pecora. These differences 
result from our incomplete knowledge of the immediate 
ancestors of the modern pecoran families that appear in 
the early to middle Miocene. 

There is a fairly rich record of primitive pecorans 
from the early Miocene into the Pleistocene. The North 
American family Dromomerycidae and the Old World 
Palaeomerycidae include animals with frontal appendages 
that are similar to those of living giraffes (Frick, 1937). 
The Giraffidae is an Old World group that is typically 
thought of as an extension of the palaeomerycids on the 
basis of the similarity of the ossicones. Hamilton (1978b) 
recognized three main types, the short-limbed, heavy bod- 
ied Sivatheriinae, which retain palmate horns similar to 
those of the palaeomerycids; the long-necked Giraffinae; 
and an assemblage that includes Okapia, which he con- 
sidered the most primitive of these groups. He recognized 
two extinct families from the Miocene as more primitive 
members of the superfamily Giraffoidea, which he defined 
on the basis of the presence of a lobate lower canine tooth. 

Clearly identifiable deer appear in the Lower Mio- 
cene of Europe, Asia, and Africa. In contrast with giraffids 
and bovids, the cervids are limited primarily to the North 
Temperate region. They spread into North America at the 
close of the Cenozoic and extended into South America 
after the emergence of the Panama Land Bridge. 

The North American antilocaprids also emerged in 
the early Miocene and were moderately diverse until the 
late Cenozoic when, perhaps as a result of competition 
from the immigrant bison, they were reduced to a single 
genus, Antilocapra. Leinders and Heintz (1980) cite shared 
derived characters of the lacrimal duct that suggest a close 
relationship to the cervids. 

Isolated teeth of possible bovids are reported from 
the late Oligocene of central Asia (Trofimov, 1958), but 
the earliest well-documented occurrence of the family is 
Eotragus from the late early Miocene of Europe (Ginsburg 
and Heintz, 1968). The major radiation of bovids oc- 
curred in Africa, where their fossil record goes back to 
the late early Miocene. Gentry (1978) and Solounias (1982) 
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discuss the radiation of the subfamilies and tribes that 
make up this group. Their radiation may be associated 
with the spread of grassland and savanna. Their remains 
are notably missing in the Oligocene deposits from North 
Africa, which record a damp, forested environment. 

In contrast with their dominance in the Old World, 
only a few bovids have entered North America. They 
include the bison, mountain sheep, mountain goat, and 
musk oxen, all of which are exceptional among bovids in 
their tolerance of cold conditions. The bison reached Cen- 
tral America but did not enter South America. 

Mesonychia 

There were no large mammalian carnivores in the 

early Paleocene. Oxyaenids and hyaenodontids ap- 
peared only in the late Paleocene, and members of the 
Carnivora were still relatively small until the Oligocene. 
In the absence of other large carnivores in the early Cen- 
ozoic, this role was taken by a family within the ungulate 
assemblage, the Mesonychidae. 

Most early ungulates and their descendants were her- 
bivores, but the skull proportions and dentition of the 
earliest condylarths show only limited specialization for 
feeding on plant material and may have retained the prim- 
itive capacity for dealing with animal food. 

The large size of the temporal fossae and the strong 
canine teeth give Arctocyon (Figure 21-2) the appearance 
of a carnivore despite its blunt cheek teeth. Szalay (1969b) 
suggested that such genera, like members of the Ursidae, 
might have been omnivorous or even carnivorous rather 
than strictly herbivorous. A carnivorous role seems even 
more likely for the mesonychids. Specializations of the 


molar dentition indicate that they had reversed the evo- 
lutionary trend of the early ungulates and become pri- 
marily carnivorous through increasing vertical shear, rather 
than crushing and grinding. 

Mesonychids appear in the middle Paleocene and ex- 
tend into the early Oligocene, a span of approximately 
20 million years. They are typified by the Eocene genera 
Mesonyx and Harpagolestes. Mesonyx was the size and 
proportions of a wolf and, perhaps, had a similar way of 
life. The limbs were specialized for cursorial locomotion 
(Figure 21-28). The metapodials were closely integrated 
and the posture of the foot was digitigrade. However, all 
mesonychids are thought to have retained hoofs rather 
than claws, and the terminal digits, like those of condy- 
larths, are deeply fissured. 

The middle Paleocene genus Dissacus, which is known 
from Europe, Asia, and North America, was more prim- 
itive, retaining a plantigrade posture and five digits in the 
manus. Even this genus was fairly large, with the skull 
nearly 20 centimeters long. The large temporal fossa and 
high sagittal crest in Harpagolestes and Mesonyx and the 
low position of the mandibular condyle and its hingelike 
action are typical of carnivores and suggest a very strong 
bite (Figure 21-29). The dentition has some specialized 
features in common with members of the Carnivora as 
well. The lower molars are laterally compressed blades 
and both the upper and lower teeth have carnassial notches 
that in modern carnivores serve to hold the flesh as it is 
torn from the bone. However, in occlusal view, one can 
see that the upper molars retain a basically triangular 
pattern, with no development of carnassials. 

In squaring the upper molars to increase the surface 
area to crush and grind plant material, the ancestral con- 
dylarths significantly reduced the postvallum-prevallid shear 
between the back of the last upper premolar and the an- 



Figure 21-28. MESONYX. Skeleton of a carnivorous mesonychid from the Eocene of North America. From Scott, 188S. 
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(i) 




Figure 21-29. {a) Skull of the mesonychid Harpagolestes. (b to e) Molar 

teeth of the middle Paleocene mesonychid Dissacus. ( b ) and (d) are 
occlusal and buccal views of right upper molar, (c) and (e) are occlusal 
and buccal views of left lower molar. Abbreviations as follows: “cn,” 
analogous feature to the carnassial notches of the carnivoran and hyaen- 
odontan trigonids; crdo, cristid obliqua, the crest formed by the buccal 
wall of the talonid; me, metacone; med, metaconid; “mes,” mestastyle; 
pa, paracone; pad, paraconid; “pas,” parastyle; pr, protocone; prd, 
protoconid. From Szalay, 1969b. 

terior molars and the front of the lower trigonids that in 
creodonts and the Carnivora became elaborated to form 
the carnassial blades. Instead, the ancestors of the me- 
sonychids developed different surfaces of the teeth for 
shearing that were never as efficient. 

Matthew (1937), Szalay (1969b), and Van Valen 
(1978) identified the ancestors of the mesonychids among 
the triisodontine arctocyonids. Szalay traced the evolution 
of the molars between these groups (Figure 21-30). In the 
sequence from early Paleocene triisodontines, the lower 
molars became progressively laterally compressed. The 
protoconid became the largest cusp, the paraconid shifted 
laterally to lie directly in front, and the metaconid was 
reduced. The talonid remained low, lost the hypoconulid 
and entocondulid, and eliminated the basin. The hypo- 
conid and cristid obliqua remained as the primary ele- 
ments. As a result of these changes, the lower molars 
developed a close resemblance to the premolars. In con- 
trast with the common trend in other ungulates to mo- 
larize the premolars, the triisodontines and mesonychids 
premolarized the molars. 

The upper molars also became more linear in func- 
tion, with anterior and posterior extension of the parastyle 



Figure 21-30. Progressive changes in the configuration of the molar 
teeth from triisodont arctocyonids to mesonychids. ( a ) The early Eocene 
triisodont Eocortodon. ( b ) Microclaenodon , an intermediate form, (c) 
The primitive mesonychid Dissacus. ( d ) Mesonyx of the middle Eocene. 
( e ) Hapalodectes from the early Eocene. Darkly outlined upper molars 
are drawn in occlusion with dashed lower molars. From Szalay, 1969b. 


and metastyle. The paracone and metacone remained con- 
spicuous. The paraconule and metaconule were lost, leav- 
ing a valley between the buccal cusps and the protocone. 
The lateral surface of the lower molars sheared against 
the medial surface of the buccal cusps. The apex of the 
lower molars crushed against the surface lateral to the 
protocone. 

Only a relatively few, small mesonychids had sharp 
cusps. In most genera, the teeth are massive and the cusps 
blunt, which gives the general appearance of the teeth in 
hyaenids and suggests that they were bone-crushing scav- 
engers. Others may have been bearlike omnivores. An- 
dreivsarchus, the largest genus among the mesonychids, 
is also the largest-known terrestrial mammalian carni- 
vore. The skull from the Upper Eocene of Mongolia is 83 
centimeters long and 56 centimeters wide across the zyg- 
omatic arches (Figure 21-31). 

Mesonychids were common and diverse throughout 
the Eocene and continued into the early Oligocene in Asia 
(Szalay and Gould, 1966; Szalay, 1969a; Li and Ting, 
1983). Their extinction may be associated with the rise 
of large creodonts and modern families of Carnivora in 
the late Eocene and early Oligocene. 

The appropriate taxonomic rank of the mesonychids 
is difficult to judge. They were less diverse and long lived 
than most of the placental orders, but they are anatom- 
ically very distinct from the remainder of the early un- 
gulates. They are often classified as a separate suborder 
of the Condylarthra, but sometimes as a distinct order. 
The problem is complicated by the fact that early meson- 
ychids were almost certainly close to the ancestry of whales. 
Despite the extreme difference in habitus, it is logical from 
the standpoint of phylogenetic classification to include the 
mesonychids among the Cetacea. 
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Figure 21-31. (a) Lateral and (b) palatal views of the skull of An- 

drewsarchus, a giant omnivorous mesonychid from the Upper Eocene 
of Mongolia, 83 centimeters long. From Osborn, 1924. 


Cetaceans 

Whales are among the most spectacular of all ver- 
tebrates. They include the largest animals that have 
ever lived, which far exceed the bulk of the largest di- 
nosaurs. The brains of some modern species exceed those 
of man in absolute size, and they have an exceedingly 
elaborate, but as yet poorly understood, sound commu- 
nication system. Toothed whales have evolved a system 
of sonar that enables them to hunt prey in the depth of 
the ocean. 

As descendants of primitive terrestrial mammals, 
whales have become secondarily adapted to a completely 
aquatic way of life to a degree rivaled by no other ver- 
tebrate groups. Their entire skeleton, physiology, and be- 
havior are modified for feeding, communication, loco- 
motion, and reproduction within the water. 

Whereas the locomotor and feeding apparatus of most 
advanced groups of terrestrial ungulates evolved pro- 
gressively throughout the Cenozoic, whales had become 
highly adapted to life in the water by the Middle Eocene. 
The brains of whales had evolved the size and degree of 
surface convolutions comparable to those of advanced 
hominids 30 million years ago (Lilly, 1977). 

The skulls of Eocene whales bear unmistakable re- 
semblances to those of primitive terrestrial mammals of 



Figure 21-32. ( a and b) Upper and lower dentition of the early Eocene 

mesonychid Hapalodectes, which approaches the pattern of early whales. 
From Szulay, 1 969b. 


the early Cenozoic. Early genera retain a primitive tooth 
count with distinct incisors, canines, premolars, and multi- 
rooted molar teeth. Although the snout is elongate, the 
skull shape resembles that of the mesonychids, especially 
Hapalodectes, a small Eocene genus with particularly nar- 
row shearing lower molars (Figure 21-32). Although the 
lateral portion of the upper molars forms a similarly nar- 
row shearing blade, the medial portion is divergent in the 
presence of a large hypocone. As in whales, the zygomatic 
arches turn ventrally at their point of origin on the max- 
illa. Also like the early whales, Hapalodectes has vascu- 
larized areas between the medial portions of the upper 
molars. Hapalodectes is probably too late to be an actual 
ancestor of whales, which are known from the end of the 
lower Eocene, but according to Szalay (1969a) they may 
share a close common ancestry with this genus. 


EARLY PROTOCETID WHALES 

The oldest whales have been described from latest early 
Eocene deposits in Pakistan (Gingerich and Russell, 1981; 
Gingerich, Wells, Russell, and Shah, 1983). The cranial 
remains are intermediate between those of well-known 
late Eocene whales and mesonychids. Some incomplete 
material was initially assigned to the Mesonychidae, but 
more recently discovered remains show that the basi- 
cranium is unquestionably that of a cetacean. The most 
complete of these remains belong to the genus Pakicetus 
(Figure 21-33). The skull is incomplete but may have been 
30 to 35 centimeters long. The braincase is very narrow, 
with a high sagittal crest and a lambdoidal crest much as 
in late Eocene whales. 

The dentition and elongate jaws are very similar to 
those of well-known LIpper Eocene whales. Like them, 
the auditory bulla is a massive structure formed from the 
ectotympanic. In more advanced whales, the ear region 
is significantly altered in relationship to directional hear- 
ing under water and for protection when diving. These 
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Figure 21-33. SKULL OF PAKICETUS, A CETACEAN FROM THE 
LATEST EARLY EOCENE OF PAKISTAN, (a) Restoration of the skull 
in lateral view, (b) Dorsal, (c) ventral, and ( d ) occipital views of back 
ofbraincase, xj. Prom Gingerich, Wells, Russell, and Shah, 1983. With 
permission from Science. Copyright 1 983 by the American Association 
for the Advancement of Science. 

changes are not evident in Pakicetus. The auditory bullae 
in modern whales are isolated by sinuses so that sound 
can be detected independently on the two sides of the 
skull. In Pakicetus, the bulla is still attached to the squa- 
mosal, basioccipital, and paroccipital, whereas in modern 
whales it is attached only to the periotic. The presence of 
a well-developed fossa for the tensor tympani indicates 
that Pakicetus retained a functional tympanic membrane, 
which is lost in advanced whales. There is no evidence of 
vascularization of the middle ear to maintain pressure 
while diving. 

The remains of Pakicetus are found together with 
terrestrial mammals, which indicates that it spent at least 
some of its life on land. Unfortunately, no postcranial 
remains have been associated with this genus. Gingerich 
and his colleagues hypothesize that this genus may have 
been amphibious, spending much of its time in the water 
feeding on fish, but the rest of the time on land. 

The premolar teeth of Pakicetus are serrated trian- 
gular blades that superficially resemble the teeth of large 
sharks. The molars retain the cusp pattern of mesony- 
chids. The upper molars are triple rooted, with a distinct 
protocone, paracone, and metacone. The lowers retain a 
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distinct protoconid and hypoconid, exactly as in the 
mesochynids. 

Whales are separated into three suborders, the Ar- 
chaeoceti, which are limited to the Eocene, and the Odon- 
toceti and Mysticeti, the toothed and baleen whales that 
both appear in the early Oligocene (Fordyce, 1980). 

The earliest whales in the archaeocete family Pro- 
tocetidae come from the margins of the Tethys Sea in the 
Indian subcontinent. North Africa, Nigeria, and possibly 
from the southeastern United States. They are all short 
bodied — less than 3 meters in length. They retain a prim- 
itive dentition, with the first two upper premolars retain- 
ing two roots and the remaining cheek teeth keeping all 
three. The nostrils are at the anterior end of the snout. 
Protocetes has facets on the sacral ribs for a large pelvis. 

UPPER EOCENE WHALES 

More advanced Upper Eocene archeocetes are included 
in the families Basilosauridae and Dorudontidae, which 
Barnes and Mitchell (1978) considered subfamilies of the 
Basilosauridae. Members of the Basilosaurinae (Figure 21- 
34) approached 25 meters in length by the end of the 
Eocene and had a worldwide distribution. The upper third 
molar was lost and both molars and premolars had lost 
the third root. 

The dorudontinae were smaller and retained all the 
molar teeth (Figure 21-35). Both this group and the Pro- 
tocetidae have been suggested as ancestors of advanced 
whales. 

The Upper Eocene archaeocetes look superficially 
modern with an elongate, streamlined body, paddle-shaped 
forelimbs, and (to judge by similarities of the caudal ver- 
tebrae) a horizontal tail fluke supported by fibro-cartilage. 
However, fairly large elements of the rear limbs were 
retained in some species. A fleshy dorsal fin may have 
been present, since it appears to be a primitive feature of 
the major groups of living whales. The ear structure was 
coupled acoustically with seawater, but there is no evi- 
dence for the development of sonar. Fordyce (1980) sug- 
gests that the archaeocetes might still have been capable 
of coming out on land to breed, as do modern seals. This 
stage of aquatic adaptation may have required about 15 
million years to achieve from fully terrestrial Middle Pa- 
leocene mesonychids. 

MODERN WHALES 

The odontocetes and mysticetes of the modern fauna dif- 
fer in so many features that some authors suggest that 
they evolved separately from distinct terrestrial ancestors. 
Barnes (1984) points out a number of derived characters 
shared by both groups that demonstrate that they had a 
unique common ancestry above the level of the known 
archaeocetes. 
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Figure 21-34. UPPER EOCENE ARCHEOCETE WHALES, (a) Basilosaurus, which reached 25 meters in length. ( b ) Zyg- 
orhiza (Dorudontinae), which reached 5 meters in length. From Kellogg, 1936. With permission of Carnegie Institution of 
Washington. 


The skull is telescoped in association with the pos- 
terior movement of the external nares. The rostral and 
occipital elements have both extended over what was 
primitively the top of the skull. On the palatal surface, 
the vomer is exposed on the basicranium and covers the 
basioccipital-basisphenoid suture. The orbit remains con- 
fluent with the temporal opening, but the zygomatic pro- 
cess of the squamosal contacts the postorbital process of 
the frontal or is connected to it by a ligament. 

The elbow joint is nonrotational and the olecranon 
fossa of the humerus is lost. The number of phalanges in 
the forelimb is increased, but the number of digits never 
increases. 


All living whales are covered with a thick layer of 
blubber to maintain their body heat, but this probably- 
evolved within the most primitive whales. 

Odontocetes and mysticetes are clearly distinct when 
they first appear in the Southern Hemisphere in the early 
Oligocene, but the most primitive families show a tran- 
sition from the earlier archaeocetes. 

The fossil record of cetaceans is less complete in the 
Oligocene than in the Eocene or Miocene. This dearth 
has been considered a result of ecological factors that 
limited their original numbers (Lipps and Mitchell, 1976) 
or geological factors that biased their preservation (Daw- 
son and Krishtalka, 1984). Fordyce (1980) outlined changes 



Figure 21-35. SKULL OF THE UPPER EOCENE WHALE ZYCORH1ZA. (a) Dorsal, ( b ) palatal, (c) lateral, and (d) occipital 
views. The original was 84 centimeters long. From Kellog, 1936. With permission of Carnegie Institution of Washington. 
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in circulation in the southern oceans in the early Oligocene 
and subsequent establishment of the circum-antarctic cur- 
rent that probably triggered odontocete and mysticete 
evolution. 

Odontocete radiation 

Odontocetes and mysticetes have diverged considerably 
since the Oligocene. Although both suborders underwent 
telescoping of the skull, it was accomplished differently 
in the two groups. In odontocetes, the most conspicuous 
change is the backward extension of the rostral bones 
toward the occiput. In mysticetes, by contrast, telescoping 
is achieved primarily by the forward extension of the 
occipital bones onto the skull table. 

Odontocetes are primitive in the retention of teeth 
but they are modified progressively within the group. The 
teeth loose their multiple roots and become reduced to 
simple pointed pegs. In some toothed whales, the number 
of teeth is greatly increased, while other families have 
greatly reduced dental counts. 

One of the most significant features of the odonto- 
cetes, and one not developed in mysticetes, is the capacity 
to echolocate. As Barnes (1984, p. 140) described: 

High frequency sound, in the form of clicks, is 
produced by movement of recycled air within com- 
plex diverticula, sacs and valves of the nasal pas- 
sages, is focused through a fatty “melon” on the 
face that acts as an acoustic lens, then projected 
into the environment. A flat surface on the posterior 
part of each premaxilla in most fossil and extant 
odontocetes indicates the site of a premaxillary sac, 
and presumably even the earliest odontocetes of the 
Oligocene actively echolocated or were at least 
preadapted co do this. The external auditory meatus 
is closed. Sound waves are reflected off objects in 
the water, and are transmitted by the lower jaw via 
a thin bony area in its posterior part to the ear 
region. The ear bones are isolated by fat bodies and 
air sacs allowing directional hearing. 

The directionality of the sound is controlled by the 
structure of the head in the vicinity of the narial opening. 
In modern odontocetes, this opening is single rather than 
double as in other whales, and the modification of the 
opening results in a marked asymmetry of the surrounding 
bones. Asymmetry in this region evolved at least six and 
possibly as many as ten times among the different odon- 
tocete families. 

We can group the odontocetes into five superfamilies, 
each representing a major radiation (Figure 21-36). Each 
can be characterized by the development of a different 
pattern of asymmetry. The Squalodontoidea includes four 
families from the Oligocene and early Miocene that may 
encompass the ancestry of all modern groups of toothed 
whales. The most primitive family is the Agorophiidae, 
which is both temporally and morphologically interme- 
diate between archaeocetes and more advanced odonto- 


cetes. The skull shows only a limited degree of telescoping, 
and the cheek teeth are still multirooted and have acces- 
sory denticles. Within the Squalodontidae, the skull is 
fully telescoped with the nostrils between the orbits. The 
parietals are eliminated from the top of the skull and the 
maxillae make contact with the supraoccipital. The cheek 
teeth, although increased in number, retain their primitive 
triangular configuration. Squalodontids may be ancestral 
to most later toothed whales. The extinct Rhabdosteidae 
(Eurhinodelphidae) were long-snouted whales that had 
reduced all their teeth to simple pegs. The Squalodelphi- 
dae had already achieved an asymmetrical skull by the 
early Miocene. 

The Delphinoidea include most of the living species. 
The Kentriodontidae, which are known from the Lower 
Miocene into the early Pliocene, link them to the first 
radiation of toothed whales. They were less than 2 meters 
long and retained a primitively symmetrical skull. Their 
descendants, the living families Delphinidae (dolphins and 
killer whales), Phocaenidae (Porpoises), and Monodon- 
tidae (belugas and narwhales), all appear in the late Mio- 
cene, some 10 to 11 million years ago. All may have 
separately evolved cranial asymmetry. 

The Physeteroidea, which include sperm whales and 
pygmy sperm whales, are first known from the early Mio- 
cene, as are the Platanistoidea, the modern Asiatic fresh- 
water dolphin, and the Amazon dolphin. The beaked 
whales, Ziphioidea, appear in the Middle Miocene. 

Mysticeti 

Mysticetes are characterized by the possession of baleen, 
which enables them to feed on the enormous quantities 
of zooplankton that are available in the world’s oceans. 
Baleen develops from specialized epithelial tissue in the 
roof of the mouth that becomes keratinized. Pivorunas 
(1979) outlined a variety of feeding techniques practiced 
by different species. As much as 70 tons of water can be 
taken into a huge pouch beneath the mouth, throat, and 
chest by the giant blue whale. 

Remains of baleen whales are known as early as the 
Lower Oligocene of New Zealand (Fordyce, 1977). Al- 
though baleen does not fossilize, the skulls show a pattern 
of vascularization similar to that which supplies the baleen 
in living whales. Aetiocetus from the Upper Oligocene of 
Oregon is the most primitive known mysticete (Figure 21- 
37). It already shows the pterygoid air sinus and the loose 
articulation of the lower jaw that are characteristic of this 
group, although it retains a full complement of marginal 
teeth (Emlong, 1966). The Aetiocetidae, which are limited 
to the Oligocene, appear to be a stem group that includes 
the ancestry of all other mysticete families. The Cetoth- 
eriidae from the late Oligocene to late Pliocene are an 
extremely diverse assemblage with 60 recognized species, 
some as small as 3 meters long. The Balaenidae, the right 
whales and bowheads, are known from the early Miocene. 
The pygmy right whale is placed in a separate family, the 
Neobalaenidae. The Balaenopteridae, called rorquals, are 
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Figure 21-37. SKULL IN DORSAL AND PALATAL VIEWS OF THE 
PRIMITIVE OLIGOCENE WHALE AETIOCETUS. Although teeth 
are retained, the pattern of the skull is otherwise typical of primitive 
mysticete whales. Abbreviations as in Figure 8-3. Emm Emlong, 1 966. 

the most abundant living family and include the minke 
and giant blue. This group is known from the late Mio- 
cene. The Eschrichtiidae, which include the gray whale, 
has a fossil record going back to the late Miocene, but 
the small size of the skull is a primitive feature that may 
suggest an even earlier origin. The number of families 
gives an inflated impression of the diversity of modern 
mysticetes, for there are only 8 living genera with fewer 
than 15 species. 


Perissod act yla 

THE ORIGIN OF PERISSODACTYLS 

Only six genera of perissodactyls remain in the modern 
fauna. The living horses, tapirs, and rhinos represent but 
a small fraction of the numerous lineages that were com- 
mon in the early Cenozoic (Figure 21-38). 

Perissodactyls are known from the earliest Eocene 
and their ancestry can be traced with little question to the 
condylarth family Phenacodontidae. Van Valen (1978) 
suggested that phenacodontids may in turn be derived 
from the loxolophine arctocyonids at the base of the Pa- 
leocene. He distinguished early members of the Loxolo- 
phinae from other arctocyonid subfamilies by the pos- 
session of relatively low-crowned and transverse lower 
molars; the trigonid basins lack a central crest, and the 
Mi paraconids do not project forward. Loxolophus (Fig- 
ures 21-39 and 21-40) has a rather doglike skull, with 
large canines and a short diastema behind the first pre- 
molar. 

Phenacodus from the late Paleocene and early Eocene 
has been considered a typical condylarth (Figures 21-41). 


The limbs are relatively long but unspecialized. Both manus 
and pes are pendactyl but digits I and V are reduced. The 
middle Paleocene genus Tetraclaenodon is less completely 
known but occupies a position closer to the ancestry of 
the perissodactyls. Although it is the most advanced phen- 
acodont that is not too specialized to have given rise to 
perissodactyls, it is still significantly more primitive than 
the earliest members of that group. 

Hyracotberium, which was common in the Lower 
Eocene, is the best-known primitive perissodactyl. Radin- 
sky (1966) described a number of changes between Te- 
traclaenodon and Hyracotberium. The most important 
involve the dental and locomotor apparatus. 

The molars of Hyracotberium have relatively higher 
and more acute cusps and ridges and the crests connecting 
the cusps are better developed (Figure 21-42). The pro- 
tocone-metaconule connection has been lost, but a crest 
has developed that joins the hypocone and metaconule. 
These changes result in the elaboration of two oblique 
transverse crests, an anterior protoloph and posterior met- 
aloph. In the lower teeth, the hypoconulid has been dis- 
placed posteriorly, leaving the posterior side of the hy- 
poconulid and entoconid clear for shear against the anterior 
side of the metaloph. 

The third upper molar is enlarged to the size of the 
second and has added a hypocone. The lower third molar 
becomes larger than the second. These changes would 
have resulted in an increase in the amount of shear and 
a decrease in crushing. 

Elaboration of the angle of the jaw suggests increased 
importance of the masseter-pterygoid complex relative to 
the temporalis, as in most mammalian herbivores. This 
complex contributes to transverse movements of the jaws, 
in contrast to the vertical movement produced by the 
temporalis, which is emphasized in carnivores. 

In Tetraclaenodon (Figure 21-43), the mobility of the 
forelimb is already restricted relative to that of more prim- 
itive mammals. The elements of the carpus alternate with 
one another, which adds strength to the carpus but re- 
duces its mobility. The scaphoid rests partly on the mag- 
num and the lunar partly on the unciform. In Hyracoth- 
erium, the length of the forearm relative to the humerus 
is increased and the carpals have more extensive areas of 
articulation. There is increased overlap between the cu- 
neiform and the scaphoid and between the unciform and 
magnum. The first digit is lost and the fifth is reduced; 
the third digit has assumed the major role in support of 
the foot. The metacarpals are much longer than those of 
Phenacodus. 

Similar changes in proportions can be seen in the rear 
limb. The tarsus is narrow and more compact. The as- 
tragalus, calcaneum, and navicular are radically modified 
to eliminate the possibility of lateral movement of the 
foot. The astragalo-navicular articulation is saddle shaped, 
which is a unique and diagnostic feature of the perisso- 
dactyls. The first and fifth toes are lost. In these features, 
early perissodactyls are advanced over the contemporary 
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Figure 21-38. STRATIGRAPHIC RANGES OF PER1SSODACTYL FAMILIES. 




artiodactyls and distinguished from them in the emphasis 
that is placed on the third digit, a pattern termed mes- 
axonic. 

Radinsky estimated that the changes from Tetra- 
claenodon to Hyracotberium took place in less than 5 
million years — considerably more rapidly than other 
changes within the order in the subsequent 55 million 
years. As in the case of the artiodactyls, Radinsky con- 
siders that the change in foot structure and other modi- 
fications for cursorial locomotion were more significant 


(a) 



Figure 21-39. (a) Lateral and (b) dorsal views of the skull of the arc- 

tocyonid Loxolophus, which may be close to the ancestors of the phen- 
acodonts and so to the perissodactyls. From Matthew, 1937. 


Figure 21-40. ( a and b) Upper and lower dentition of Loxolophus. 

From Matthew, 1937. 
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Figure 21-41. SKELETON OF THE CONDYLARTH PHENACODUS. From Gregory, 1951 and 1957. 


than changes in the dentition in accounting for the great 
success of perissodactyls in the early Eocene. 

The absence of intermediates between Tetraclaeno- 
don and Hyracotherium in North America suggests that 
the actual transition may have taken place in some other 
part of the world. As in the case of the artiodactyls, one 
might debate whether it is more useful to consider that 
the origin of perissodactyls occurred when the definitive 
ankle morphology evolved or at the earlier time when the 
ancestral phenacondont lineage first diverged from the 
ancestors of other ungulate groups. 

Hyracotherium varied from 25 to 50 centimeters in 
height at the shoulder. The orbit is midway in the length 
of the skull and lacks a postorbital bar. The teeth are low 
crowned (brachydont) and basically bunodont, despite 
the initial development of cross lophs. The premolars are 
not molariform. A short diastema is present but all the 
incisors are retained, as is the case in modern equids. 
Endocasts demonstrate that the brain is significantly ad- 
vanced over that of condylarths in its relative size and 
expanded neocortex (Radinsky, 1976). Most skeletal fea- 



Figure 21-42. Upper and lower second and third molars of (a) Tetra- 
claenodon and (6) Hyracotherium. These teeth show the transition from 
the condylarth to the primitive perissodactyl pattern. From Radinsky, 
1966. 


tures of Hyracotherium may be close to the ancestral 
pattern for all perissodactyls. MacFadden (1976) showed 
that the confluence of the foramen ovale and the middle 
lacerate foramen and the migration of the optic foramen 
close to, or confluent with, a group of posteroventral 
foramina are derived features that demonstrate that Hy- 





Figure 21-43. CHANGES IN THE LIMB STRUCTURE BETWEEN 
PHENACODONTS AND PRIMITIVE PERISSODACTYLS. (a) Front 
feet of Hyracotherium, ( b ) Tetraclaenodon, and (c) Phenacodus. (d) 
Hind feet of Hyracotherium, ( e ) Tetraclaenodon, and (f) Phenacodus. 
From Radinsky, 1966. 
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racotherium belongs to the same monophyletic group as 
other members of the family Equidae. 

Representatives of three superfamilies of perissodac- 
tyls are known in the Lower Eocene. In addition to the 
equid Hyracotherium, we find the tapiroid Homagalax 
and the chalicotheroid Paleomoropus (a group whose later 
members are characterized by the elaboration of long claws) 
(Radinsky, 1969). The early brontotheroids (rhinolike forms 
with large bony protuberances on the skull) appeared in 
the later part of the early Eocene, and the Rhinocerotoidea 
is known from the beginning of the late Eocene. Fourteen 
perissodactyl families had differentiated by the end of the 
Eocene. In strong contrast with the Artiodactyla, the sub- 
sequent history of this group shows a progressive reduc- 
tion in diversity. 

Although later members of the perissodactyl super- 
families are very distinct from one another, the early Eocene 
forms are differentiated primarily by small differences in 
the pattern of molar cusps (Figure 21-44). Equids retain 
a distinct protoconule and metaconule. in the early tap- 
iroids, these cusps join the protoloph and metaloph and 
the protolophid and hypolophid are elaborated in the 


[a] ( b ) 



Figure 21-44. SECOND AND THIRD UPPER MOLARS OF EARLY 
PER1SSODACTYLS. (a) Hyracotherium. (b) Paleomoropus, a chali- 
cotherioid. (c and d ) Homagalax and Heptodon, both tapiroids. ( e ) 
Eotitanops, a brototherioid. (f, g, and h) The rhinocerotoids Amynodon, 
Hyracodon, and Hyrachyus. From Radinsky, 1969. 


lower molars. The chalicotheroids retain the protoconule 
and protocone as distinct cusps, but the metaconule merges 
with the hypocone to form a high, unbroken metaloph. 
Brontotheroids have a strong mesostyle and a w-shaped 
ectoloph; the metaconule is absent and the protoconule 
is reduced. The functional significance of these changes 
in cusp pattern is discussed by Butler (1952) in relation- 
ship to different patterns of mastication and particular 
types of food. The early perissodactyl genera were also 
differentiated to some degree by differences in size. 

The three initial groups underwent subsequent ra- 
diation within the Eocene. 

TAPIROIDS 

Although tapirs are the most conservative of living per- 
issodactyls, they are but one surviving lineage of a diverse 
assemblage in the Eocene. The early tapiroids are distin- 
guished from the equid Hyracotherium by elaboration of 
the cross lophs and some molarization of the premolars. 
They were common in all the northern continents in the 
early Eocene. Subsequently, separate families differen- 
tiated in North America, Europe, and Asia. Short-lived, 
little-differentiated groups include the Isectolophidae in 
North America, the Lophidontidae in Europe, and the 
Deperetellidae and Lophialetidae in Asia. In the Asian 
families, the manus became tridactyl and the metapodials 
were relatively long and slender. 

Both isectolophids and a second family common in 
North America in the middle to late early Eocene, the 
Helaletidae, may be traced to Homagalax. The early he- 
laletid genus Heptodon (Figure 21-44T) has a sharp-crested 
transverse protoloph and metaloph that meet the ecto- 
loph, a pattern that is common to all later tapiroids. It is 
also advanced in the presence of a postcanine diastema. 
Heptodon appears to be at the base of a dichotomy lead- 
ing in one direction to the Rhinocerotoidea and in another 
to the modern family Tapiridae. Helaletes, which is known 
from the middle Eocene of North America and the early 
late Eocene of Asia, is close to the origin of modern tapirs. 
As in Tapirus, this genus shows a deep nasal incision, 
which indicates development of a short proboscis. Other 
helaletids survived until near the end of the Oligocene. 
All other early tapiroid families became extinct at the end 
of the Eocene. 

Radinsky (1965) detailed the changes in the skeleton 
between the Eocene tapiroid Heptodon and the Recent 
genus Tapirus. The main advances in the skull are asso- 
ciated with the elaboration of the proboscis and were 
essentially completed by the Oligocene (Figure 21-45). 
Postcranially, most changes can be attributed to the larger 
size of the modern genus, but we can see some cursorial 
adaptations, including the fusion of the radius and ulna 
and the loss of the acromium, which in noncursorial mam- 
mals supports the clavicle. As in all other tapiroids, the 
modern tapirs retain brachydont cheek teeth and a rela- 
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Figure 21-45. SKULLS OF TAPIROIDS. (a) Heptodon , from the Eocene 
and (b) the modern genus Tapirus. From Radinsky, 196S. 


tively primitive pattern of the feet. The earliest tapirid. 
Prototapir, appears in the early Oligocene in Europe and 
the Middle Oligocene in North America. The modern 
genus Tapirus is known first in the late Miocene of China 
and is common in North and South America during the 
Pleistocene (Dawson and Krishtalka, 1984). 

RH1NOCEROTOIDEA 


the Amynodontidae to the Tapiroidea and restricting the 
Rhinocerotoidea to the Hyracodontidae and their des- 
cendant, the modern family Rhinocerotidae. 

The structure and general habitus of the amynodon- 
tids are like those of other rhinoceroses and so will be 
considered in this section. This family is distinguished by 
increasing hypsodonty and further elaboration of ecto- 
loph shear; the canines are usually large and erect and 
the incisors are small and pointed. The molars are trans- 
versely compressed. The skull is massive and the antor- 
bital portion shortened. As in other rhinos, there is pro- 
gressive size increase in most lineages, although some genera 
remain small. The limbs remain conservative, with the 
manus remaining tetradactyl; no cursorial adaptations are 
evident beyond those already present in tapirs. Amyno- 
dontids were common and diverse in the early Oligocene 
of North America and especially in Asia, but they did not 
survive to the end of that epoch. 

The hyracodontids, which Radinsky (1967) re- 
viewed, were small- to medium-sized forms that show 
some cursorial specializations. The pes is long and slender 
and the manus tridactyl. They are distinguished from the 
amynodonts dentally by the fact that the third upper mo- 
lar is triangular in outline rather than squared, and the 
ectoloph is confluent with the metaloph. Within the fam- 
ily, most lineages show an increase in hypsodonty and 
the premolars become more molariform. The canines are 
smaller and the incisors are spatulate or pointed. A variety 
of lineages, some of which were highly cursorial, evolved 
during the late Eocene and early Oligocene. Two genera 


Ancestral rhinoceroses can be recognized from the begin- 
ning of the late Eocene in North America and Asia. Prim- 
itive genera were tapirlike in size and body form, but the 
teeth show an increase in shearing function that, as in the 
case of early selenodont artiodactyls, is associated in some 
groups with subsequent increase in size and greater cur- 
sorial adaptation. The teeth of the early rhinos are dif- 
ferentiated from those of the tapiroids in being higher 
crowned; the ectolophs of the first and second molars are 
long and flat and the paralophids and metalophids are 
high (Figure 21-44 f, g, and h). Shearing along the ectoloph 
is enhanced and horizontal shearing becomes important. 
The morphology of the molar teeth among the Rhino- 
cerotoidea is fairly conservative, but there is considerable 
variation of the pattern of the incisors and canines, which 
Radinsky (1969) used to characterize each of the families 
(Figure 21-46). 

Advanced characters of the molars are initiated in 
some variants of a late middle Eocene species of the he- 
laletid tapiroid Hyrachyus. They are elaborated in two late 
Eocene families, the Hyracodontidae and the Amynodon- 
tidae. Radinsky (1969) suggests that this pattern may have 
evolved separately from different lineages, which would 
make the Rhinocerotoidea, as it is generally understood, 
polyphyletic. One might solve this problem by referring 



Figure 21-46. SPECIALIZATION OF THE ANTERIOR TEETH IN 
RHINOCEROTOIDS. (a) Hyrachyus, a tapiroid, showing a primitive 
perissodactyl condition, (b) Hyracodon, a hyracodontid rhinocerotoid. 
( c ) Trigonias, a primitive rhinocerotid. From Radinsky, 1969. 
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were common in both North America and Asia in the late 
Eocene, but subsequent evolution proceeded separately in 
both areas. In the Oligocene, the Asian genus Indricoth- 
erium was gigantic. This family did not survive the Oli- 
gocene. 

The ancestry of the modern family Rhinocerotidae is 
apparently to be found among primitive hyracodontids 
in which the manus retained four digits. Early members 
are recognized by the chisel-shaped upper incisor and the 
enlarged, procumbent second lower incisor. The other 
incisors and canines are reduced or lost. The Rhinocer- 
otidae was common and diverse throughout the northern 
hemisphere in the Oligocene and Miocene. The central 
Asian genus Indricotherium from the late Oligocene and 
early Miocene was the largest known land mammal, 
standing 5 meters tall at the shoulder, with a skull that 
was 1.2 meters long. Like other primitive rhinos this genus 
lacked horns. Teleoceras was a common late Miocene and 
Pliocene form from North America that had the propor- 
tions of a hippopotamus. Rhinos became extinct in North 
America after the Pliocene but remained widespread and 
diverse in the Old World into the late Pleistocene. 

The fossil record of rhinos since the Miocene is well 
documented in Africa (Hooijer, 1978). The black and 
white rhinos, Diceros bicornis and Ceratotherium simum, 
are among the most long-lived modern ungulate species. 
Their transition from more primitive African species oc- 
curred approximately 4 million years ago. The divergence 
between these rhinoceros genera occurred at least 12 mil- 
lion years ago. 

Dicerorhinus, which is now restricted to southeast 
Asia and Indonesia, was present in Europe in the early 
Miocene and appeared in Africa more than 20 million 
years ago. The genus Rhinoceros is known from the late 
Pliocene. The now extinct woolly rhinoceros Coelodonta, 
which is illustrated in neolithic cave paintings in Europe, 
was widespread in Eurasia during the Pleistocene. 

Throughout their history, rhinos have included both 
browsing and grazing forms that were capable of ex- 
ploiting a fairly wide range of diets. The actions of'hu- 
mans, both in direct predation and by widespread de- 
struction of habitats, have placed all five of the surviving 
rhino species in danger of extinction. A revised phylogeny 
of the Rhinocerotoidea is proposed by Prothero, Manning 
and Hanson (1986). 

BRONTOTHERIOIDEA 

During the early Cenozoic, the most spectacular peris- 
sodactyls in North America and Asia were the bronto- 
theres or titanotheres (Figure 21-47). From dog-sized forms 
in the late early Eocene, they reached the size of a rhi- 
noceros by the time of their extinction in the middle Oli- 
gocene. Accompanying the great increase in overall size 
was an inordinate increase in the size of bony projections 
from the front of the skull. Stanley (1974) described the 
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Figure 21-47. ELABORATION OF THE “HORNS” OF TITAN- 
OTHERES. ( a ) Eotitanops, Lower Eocene, (b) Limnohyops, Middle 
Eocene, (c) Manteoceras, Middle Eocene. ( d ) Protitanotherium, Upper 
Eocene, (e) Brontotherium leidyi, Lower Oligocene. ( f) Brontotherium 
gigas, Lower Oligocene. From Stanley, 1974. 

evolution of these structures for intraspecific combat in 
relationship to progressive adjustment to the increase in 
total body size. 

Eotitanops from the latter part of the early Eocene 
had already evolved the W-shaped ectoloph that was char- 
acteristic of this group throughout its history. The body 
size increased by 50 percent by the middle Eocene. As in 
the Rhinocerotoidea, brontotheres show a progressive 
shortening of the anterior portion of the skull. By the late 
middle Eocene, the bones were elaborated as hornlike 
structures. The phylogeny of titanotheres established by 
Osborn (1929) indicates that large size and elaboration 
of the “horns” occurred independently in three related 
subfamilies between the middle Eocene and the early Oli- 
gocene. In relationship to their large body size, the limbs 
remained little modified and four digits were retained in 
the manus. 
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CHALICOTHEROIDEA 

Advanced chalicotheroids include some of the most bi- 
zarre ungulates. Chalicotherium from the Miocene of Eu- 
rope had limb proportions and specializations of the pel- 
vic girdle that would have enabled it to assume a semibipedal 
stance comparable to that of a gorilla (Figure 21-48). 
Zapfe (1979) and Coombs (1983) suggested that it may 
have been adapted to browsing on tall trees. 

Moropus, in which the body proportions were more 
horselike, is characterized by the presence of large claws 
on both the forelimbs and hind limbs that were retractable 
like those of a cat (Figure 21-49). Chalicotherium also 
had claws on the rear limbs. It has been suggested that 
their claws were used to dig up tubers or roots, but the 
teeth do not show extensive wear as would be expected 
if they ate food from the ground. No other elements of 
the skeleton are specialized like those of known digging 
forms. The fusion of the ulna and radius precludes tw ist- 
ing of the lower arm. The forelimbs may have been used 
to bring vegetation to the mouth. 

Tylocephalotryx from the Miocene of North America 
resembled Moropus in general proportions, but the skull 
was greatly thickened posteriorly like the dome of Pa- 
chycephalosaurus and may have been used in intraspecific 
head butting (Coombs, 1979). 

Chalicotheres are represented in the early Eocene by 
members of the primitive family Eomoropidae, which are 
known from both North America and Asia (Radinsky, 
1964). Their dentition resembles that of later chalicoth- 
eres in possessing a w-shaped ectoloph that enhances 
vertical shear. The lower molars have a double-v pattern 



Figure 21-48. CHALICOTHERIUM FROM THE MIOCENE OF 
EUROPE. This genus is thought to have been capable of a partially 
bipedal posture and browsed from trees. From Coombs, 1983. 



Figure 21-49. (a) Forefoot and (b) hind foot of the chalicothere Mo- 

ropus. From Gregory , 19S1 and 1957. 

of crests and surfaces for crushing against the protocone. 
Chalicotheroids remain conservative in not evolving mo- 
lariform premolars. It is not known whether or not the 
eomoropids had yet developed claws. 

The family Chalicotheriidae is recognized from the 
latest Eocene and continued into the Pleistocene in Asia 
and Africa (Butler, 1978). After the Eocene, most of the 
history of this group was restricted to the Old World. 
Only a few genera close to Moropus were represented in 
North America during the Miocene (Coombs, 1978). 

EQUOIDEA 

The extensive fossil record of the family Equidae provides 
an excellent example of long-term, large-scale evolution- 
ary change. Changes in body size, skull proportions, den- 
tition, limb structure, and relative brain size have all been 
thoroughly documented (Simpson, 1961; Edinger, 1948; 
Radinsky, 1976, 1984). 

Early work suggested that horses constituted a single 
assemblage that progressed relatively steadily from the 
small-sized Hyracotherium [Eohippus], with low-crowned 
teeth and four toes on the front feet and three on the rear, 
to the modern genus Equus, which has high-crowned teeth 
and whose manus and pes are reduced to a single toe. 
Subsequent research has demonstrated a much more com- 
plex radiation, with many divergent lineages of browsers 
and grazers overlapping one another in time (Figure 21- 
50). 

Hyracotherium is known from the base of the Eocene 
in both North America and Europe. The equids were 
among the most abundant mammals during the early 
Eocene in North America, where the evolution of the 
horse is best documented. Several early genera were also 
common in Europe where a divergent family (or subfam- 
ily), the Palaeotheriidae, is recognized. Palaeotherium is 
distinguished by a w-shaped ectoloph and oblique, sharp- 
crested cross lophs. With wear, the molars functioned like 
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Figure 21-50. PHYLOGENY OF THE HORSE. From MacFadden, 1985. 


those of solenodont artiodactyls. Palaeotherium, which 
was the largest equoid of the Eocene, also molarized its 
premolars. European equoids became extinct early in the 
Oligocene, leaving only the family Equidae to represent 
this group for the remainder of the Cenozoic. 

Only a single lineage of equids is known in the Eocene 
of North America, represented by Orohippus and Epi- 
hippus, which are successors of Hyracotherium in the 
Middle and Upper Eocene. They show moderate size in- 
crease and progressive molarization of the premolars. 

Mesohippus was the characteristic equid of the North 
American Oligocene. It was the size of a sheep and had 
lost the fourth toe of the manus. The teeth were now 
clearly lophodont. The ectoloph is prominent but does 
not have the w-shape of chalicotheres and brontotheres. 
All but the small first premolar had become molariform 
(Figure 21-51). However, the cheek teeth remained low 
crowned and so were better suited for browsing than 
grazing. From Mesohippus, one line, including the genus 
Anchitherium, migrated to Eurasia in the early Miocene 


and gave rise to species that are known in China as late 
as the Pliocene. All members of this lineage retained con- 
servative features of the dentition and limbs. 

A more progressive line led via Parahippus to the 
characteristic Miocene genus Merychippus. Within the 5 
to 10 million years of the range of Parahippus, most of 
the major changes in cranial proportions leading to the 
modern horse were accomplished (Radinsky, 1984) (Fig- 
ure 21-52). The teeth became high crowned to resist the 
greater wear of a diet of hard grasses. To accommodate 
the long roots of the cheek teeth (about 60 percent their 
length in modern horses), the jaws and face became deep- 
ened and the tooth row was displaced anteriorly relative 
to the orbit and the jaw articulation. The zygomatic arch 
was strengthened by the completion of the postorbital 
bar. The high-crowned teeth were supported by a newly 
elaborated tissue, cement, which is soft but tough and 
serves to support the hard but brittle columns of enamel. 
The pattern of the molar and premolar lophs approached 
those of the modern horse. The muzzle was elongated to 
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Figure 21-51. CHANGES IN THE DENTITION WITHIN THE 
EQUIDAF.. (a) Orohippus, middle Eocene, (b) Mesohippus, Oligocene. 
(<:) Miohippus, Miocene, (d) Merychippus , Miocene, (e) Pliohippus, Pli- 
ocene. (f) Equus, Pleistocene. From Gregory, 1951 and 1957. 


extend the reach of the enlarged incisors. In contrast with 
the pecorans, the upper as well as lower incisors are re- 
tained in the most progressive perissodactyls. 

Three toes are retained in Merychippus, but the larger 
central one evidently bore most of the weight (Thomason, 
1986). The configuration of the manus and pes indicates 
that a strong elastic ligament, like that of modern horses, 
passed behind the central digit. The ligament stretched as 
the foot struck the ground, and its elastic energy assisted 
in ventroflexion of the foot to increase the force of the 
next stride (Camp and Smith, 1942). These specializations 
of the dentition and limbs point to Merychippus as a 
rapidly running, grazing animal of the newly expanded 
North American prairies. Merychippus was oversha- 
dowed in the late Miocene by a diversity of grazing genera 
that are divisible into the three-toed hipparions and the 
monodactyl equines. Hipparion is distinguished by the 
isolated protocone in its upper cheek teeth and by a deep 
depression or fossa in front of the orbit. Hipparion spread 
from North America into Eurasia and Africa. The ap- 
pearance of Hipparion has been used as an indicator of 
the Miocene-Pliocene boundary in Europe and much of 
Asia, but this history is complicated by the probability 
that more than one lineage migrated to the Old World 
(MacFadden and Skinner, 1981; MacFadden, 1984a). 
Hipparions persisted in Africa into the Pleistocene. 


(«) ( b ) 



Figure 21-52. SKULLS OF REPRESENTATIVE EQUIDS THAT SPAN 
THE EVOLUTIONARY HISTORY OF THE FAMILY, (a) Hyracoth- 
erium. ( b ) Mesohippns. (e) Merychippus. (d) Equus. Note progressive 
changes in proportions. The greatest change occurs between Mcsohippus 
and Merychippus. Scale bars equal 5 centimeters. From Radinsky, 1 984. 

A separate branch from Merychippus led to the late 
Miocene and Pliocene genus Pliohippus, in which the lat- 
eral toes became vestigial (Figure 21-53) and hypsodonty 
was further increased. One descendant lineage of Plio- 
hippus with relatively short limbs, exemplified by Hippi- 
dion, diversified in South America in the late Pliocene. 
Another line gave rise to the dominant Pleistocene genus 
Equus, which appeared approximately 3.5 million years 
ago. 

Equus quickly spread to Europe, Asia, Africa, and 
South America (Eisenmann, 1980). Surprisingly, this ge- 
nus became extinct in the New World at the end of the 
Pleistocene, whereas nine species still live in the Old World 
including the wild Asian horse, four species of asses, and 
four zebras. 

Among the perissodactyls, only the horses have been 
common and widespread in the late Cenozoic. Janis (1976) 
discussed the dietary limitations that might have been 
imposed on perissodactyls by the character of their diges- 
tive system. In contrast with most living artiodactyls, they 
do not ruminate and their efficiency in extracting nutrients 
from plant material is significantly lower. Perissodactyls 
all possess a fermentation chamber, the caecum, but it is 
posterior rather than anterior to the stomach, opening 
between the small intestine and the colon. In contrast with 


(a) ( b ) (c) (d) {e) 



Figure 21-53. EVOLUTION OF THE FRONT FOOT IN THE EQUI- 
DAE. (a) Hyracotherium. ( b ) Miohippus. (c) Parahippus. (d) Pliohippus. 
(e) Equus. From Gregory, 1951 and 1957. 
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artiodactyls, food passes relatively rapidly through the 
digestive tract. This enables them to eat very large amount 
of fibrous foods that are low in nutritive value, but they 
are relatively less efficient in handling foods of lower fiber 
content than are the artiodactyls. Bell (1969) described 
the ecological relationship in which horses feed on highly 
fibrous grasses and thereby make other food more acces- 
sible to artiodactyls. Janis argued that the greater effi- 
ciency of feeding on fibrous material by modern horses 
restricted the number of species that might have evolved 
to make use of this type of food. In contrast, artiodactyls 
are much more selective feeders, and so many species have 
been able to evolve and coexist in the same general area. 

African ungulates 

Africa was never as completely isolated as Australia 

or South America, but in the early Tertiary there was 
certainly much more continuous movement of mammals 
between North America and Eurasia than between either 
of these continents and Africa (Maglio, 1978). 

As yet, little is known of Paleocene mammals in Af- 
rica (Cappetta, Jaeger, Sabatier, Sige, Sudre, and Vianey- 
Liaud, 1978). The late Eocene and Oligocene fauna shows 
a considerable diversity of forms, including some highly 
specialized groups that indicate a significant period of 
prior evolution. 

A limited number of lineages appear to have entered 
Africa in the early Tertiary; these included prosimian pri- 
mates, creodont carnivores, and possibly several lineages 
of early condylarths. Orders typical of the northern con- 
tinents such as artiodactyls, perissodactyls, insectivores, 
and the Carnivora were almost certainly later immigrants 
that were highly differentiated before they entered Africa. 

Other groups appear to have differentiated in Africa. 
The elephants and their close relatives within the order 
Proboscidea are the best known and are most specifically 
associated with Africa. The hyraxes or conies differen- 
tiated there, as did the short-lived, rhinoceroslike em- 
brithopods. Although early fossils are not known, the 
aardvarks have been confined to Africa for most of their 
history. Fossils of early sirenians are common in northern 
Africa, which suggests that their origin may be associated 
with the margins of that continent. 

Because of this geographical association, it has long 
been thought that many of these African groups shared 
a close ancestry. Simpson (1945) used the term Subun- 
gulate to unite proboscideans, hyraxes, embrithopods, and 
sirenians. When the desmostylians, a marine group from 
the Pacific Basin, were recognized as a distinct order, they 
too were included in this assemblage. McKenna (1975) 
grouped the Proboscidea, Sirenia, and Desmostylia in the 
Mirorder Tethytheria. This classification has been further 
substantiated by Novacek (1986) and Domning, Ray, and 
McKenna (1986). The history of mammals in Africa has 
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been reviewed comprehensively by Maglio and Cooke 
(1978). Recent discoveries have extended the fossil record 
of some of these groups and demonstrated probable af- 
finities with earlier Asian forms. 


PROBOSCIDEA 

The Proboscidea includes only two surviving species, the 
African elephant, Loxodonta africana, and the Asian el- 
ephant Elepbas maximus. Proboscideans were an impor- 
tant and very widespread group for most of the Cenozoic, 
and until the end of the Pleistocene they were common 
in North and South America and throughout Eurasia, as 
well as Africa. Their early history — until the end of the 
early Miocene — was confined to Africa. 

The oldest currently known proboscideans are from 
the early Eocene of southern Algeria (Mahboubi, Ameur, 
Crochet, and Jaeger, 1984). The skull of this (as yet un- 
named) genus shows the high profile common to ele- 
phants. The nasal opening is posterior in position, indi- 
cating the initiation of a trunk, and the second upper 
incisors are enlarged (although not yet of elephantine pro- 
portions, (see Figure 21-54#)). The upper canines are re- 



Figure 21-54. SKULL OF A NEWLY DISCOVERED PROBOSCI- 
DEAN FROM THE EARLY EOCENE OF ALGERIA, (a) Lateral and 
(b) palatal views. The entire skeleton was less than 1 meter tall. From 
Mahboubi, Ameur, Crochet, and Jaeger, 1 984. Reprinted by permission 
from Nature. Copyright ® 1984. Macmillan Journals Ltd. (c and d) 
Teeth of members of the family Anthracobunidae, which may be related 
to the ancestry of elephants, (c) Posterior upper teeth of Anthracobune. 
From West, 1983. (d) Lower molars of Jozaria, x f. From Wells and 
Gingerich, 1983. 
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Figure 21-55. SIMPLIFIED PHYLOGRAM OF PROBOSCIDEA AND DESMOSTYLIA. From Domning 
Ray and McKenna 1 9X6. By permission of Smithsonian Institution Press, Smithsonian Institution, Washington, 
D.C., 1986. 


duced and separated from the premolars by a long dias- 
tema; the first premolar is lost. The molars are distinguished 
by two well-developed transverse lophs. As in other prim- 
itive proboscideans, the second lower incisors are also 
significantly enlarged, spatulate, and procumbent. The third 
lower incisor is reduced and the canine is lost. 

The occiput is high, with a broad nuchal crest for 
muscles to support a heavy skull. The bones of the head 
are already pneumatized and as in later proboscideans, 
the auditory meatus is high. 

Although it is only about 1 meter tall, the postcranial 
skeleton shows the graviportal adaptations common to 
later proboscideans. The forelimb is extremely robust and 
the radius is fixed in a pronating position. The femur is 
longer than the humerus and much longer than the tibia. 
The astragalus and calcaneum are closely similar to those 
of later Eocene and early Oligocene proboscideans. 

The only feature that seems to remove this genus 
from direct ancestry to later proboscideans is the presence 
of a deep submaxillary fossa, which is not reported in 
other early members of the order. 

These Lower Eocene fossils are definitely close to the 
ancestry of later proboscideans. Much less-well-known 
genera from the early to middle Eocene of the Indian 
subcontinents have molar teeth of a similar pattern, which 
West (1983) and Wells and Gingerich (1983) suggest may 
link them to more primitive ungulates from the Paleocene. 
Members of the family Anthracobunidae (Figure 21-54c) 
have molars that are dominated by four massive, blunt 
cusps arranged so as to form two transverse ridges. The 
addition of a small entoconid II presages the proboscidean 
condition. However, the anterior teeth give no clue of 


proboscidean affinities. The canines were large and the 
incisors unspecialized. The dental count is typical of prim- 
itive eutherians. Some genera may have been as large as 
a pig or tapir. The anthracobunids might be relicts of the 
ancestral stock that gave rise to the proboscideans, but 
they are clearly too late to be directly ancestral and do 
not show the initiation of any typically proboscidean char- 
acters. The ancestry of the anthracobunids may lie with 
genera such as Mincbenella from the late Paleocene of 
China, which Zhang (1978, 1980) placed in the condy- 
larth family Phenacolophidae. Although Mincbenella is 
known only from lower jaws, Domning, Ray, and McKenna 
(1986) argue that the transversly broadened hypoconulid 
shelf of the lower third molar with a small entoconid II 
is a sufficiently significant derived feature to establish its 
affinities with both the Proboscidea and a second order 
of aquatic mammals, the Desmostylia (Figure 21-55). 

Order Proboscidea 

Suborder Gomphotherioidea 

Family Gomphotheriidae: late Eocene to 
middle Pleistocene 

Family Elephantidae: late Miocene to Recent 
Suborder Mammutoidea 

Family Mammutidae: early Miocene to sub- 
Recent 

Family Stegodontidae: middle Miocene to late 
Pleistocene 

There is a rich record of proboscideans from the 
Upper Eocene and Lower Oligocene of northern Africa. 
These are already large animals and have most of the 
postcranial specializations that are common to the mod- 
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ern species. The limbs are columnar, with the distal ele- 
ments short. The bones lack medullary cavities, and the 
manus and pes are short and pentadactyl. 

These early proboscideans have been classified in a 
single genus, Palaeomastodon within the Gomphofheri- 
idae, although they show extensive variability and may 
include the ancestors of several subsequent lineages. 

The Gomphotheriidae is considered a long-living an- 
cestral stock that gave rise to a succession of other groups. 
Primitively, they have long spatulate incisors in the elon- 
gate lower jaws, as well as tusks in the upper jaws (Figure 
21-56). The teeth are bunodont, with up to seven pairs 
of rounded cusps. In contrast with their early Eocene 
ancestors, they have lost all trace of canine teeth. The 
fossil record of proboscideans is poor for most of the 
Oligocene but rich in the Miocene, by which time all the 
major lineages had emerged. At the end of the early Mio- 
cene, Africa joined Asia and the proboscideans began their 
migrations to the ends of the earth (Figure 21-57). De- 
scendants of early gomphotheriids reached all continents 



(b) 



Figure 21-56. ( a ) Skull and (b) lower jaws of the gomphotheriid pro- 

boscidean Palaeomastodon from the Upper Eocene of North Africa. 
From Andrews, 1906. 



Figure 21-57. PHYLOGENY OF THE PROBOSCIDEA SHOWING THEIR GEOGRAPHICAL DISTRI- 
BUTION. From Coppens, Maglio, Madden, and Beden, 1978. Reprinted by permission of Harvard University 
Press. 
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except Australia and Antarctica. The Gomphotheriinae 
extended into Asia, Europe, and North America; the Cu- 
vierienoninae originated in North America and spread 
into South America; and the Anancinae rose in Africa and 
spread into Europe and parts of Asia. The latter two 
subfamilies approached the pattern of modern elephants 
in the loss of their lower tusks, elongation of their molars, 
and deepening of their skulls. 

The surviving family Elephantidae is recognizable as 
early as the late Miocene. It is characterized by a unique 
pattern of tooth structure and succession that is not ev- 
ident in other proboscideans. The molar teeth are so long 
that the anterior portion erupts and becomes functional 
while the posterior portion is still undergoing develop- 
ment. As the teeth form at the back of the jaw, they move 
forward and replace the earlier formed teeth that are lost 
at the front. In early genera, which are placed in the 
subfamily Stegotetrabelodontinae, the premolars are func- 
tional, as in other proboscideans, but in advanced ele- 
phants they are suppressed. Instead, the deciduous cheek 
teeth tend to become molariform and function as the mo- 
lars develop. Only one and one-half pairs of teeth are 
functional at a time in their relatively short jaws. 

The teeth of the primitive genus Stegotetrabelodon 
retain evidence of two two longitudinal rows of cusps that 
were common to primitive proboscideans (Figure 21-58). 
The cusps are anteroposteriorly compressed. With wear, 
the two halves become confluent, as in modern elephants. 
In the most derived elephant species, the wooly mammoth, 
there may be as many as 30 plates in the last molar. Each 
plate is composed of a compressed loop of enamel sur- 
rounding the dentine and separated by cementum. The 



Figure 21-58. CHANGES IN THE MOLAR CUSPS OF PROBOS- 
CIDEANS. These species show progressive consolidation of the gom- 
phothere cone-pairs, loss of the median cleft, fusion of accessory col- 
umns, increase in plate number, and thinning of enamel. ( a ) 
Gompbotberium. ( b ) Stegotetrabelodon. (c) Primelepbas. (d) Mam- 
muthus subplanifrons. (e) Mammuthus africanavus. ( f ) Mammutbus 
primigenius. Similar changes occurred in the genus Elephas. From Mag- 
lio, 1973. 


hard enamel forms a series of shearing blades that, with 
wear, stand above the softer dentine and cementum. 

In early genera, each molariform tooth bears only as 
many plates as there were rows of cusps in advanced 
gomphotheres (five to seven in the last molar). They were 
also primitive in retaining very long tusks in the lower 
jaws. The subfamily Elephantinae appeared in the latest 
Miocene, represented by the genus Primelepbas from east 
and central Africa, which is distinguished by the short 
symphysis of the lower jaw and reduction or loss of the 
premolars. This primitive lineage gave rise to three derived 
genera by the middle Pliocene, Elephas, Loxodonta, and 
Mammuthus. Loxodonta was highly advanced when it 
first appeared, but unlike other late Tertiary probosci- 
deans, it showed little change within the genus and never 
left Africa. Loxodonta africana is now confined to the 
area south of the Sahara but lived in Egypt during pre- 
dynastic times. Elephas spread out of Africa in the mid- 
Pliocene and is now restricted to southern Asia. Its African 
record is very complete during the Pliocene and Pleisto- 
cene and shows a sequence of rapidly evolving forms within 
a single lineage. Mammuthus, which is distinguished by 
spirally twisted tusks and a wrinkled or wavy pattern of 
the enamel, was common in North America and Eurasia, 
where it persisted into the late Pleistocene. 

The suborder Mammutoidea paralleled the Elephan- 
tidae in many features of the dentition but did not evolve 
their specialized pattern of serial tooth replacement. Like 
the Elephantidae, they lost the lower tusks and shortened 
the jaw symphysis while elaborating molars that showed 
a platelike structure. However, the entire tooth is formed 
prior to eruption. They appear in Africa in the early Oli- 
gocene. The Mammutidae were common in North Amer- 
ica and Eurasia as well as Africa and persisted into the 
sub-Recent. The Stegodontidae were a primarily Asian 
group that reentered Africa several times during their his- 
tory. Their teeth remained low crowned, with thick enamel. 


DEINOTHERIOIDEA AND 
MOERITHERIOIDEA 

Two distinct groups, the Deinotherioidea and the Moer- 
itherioidea, may have diverged before the Gomphother- 
ioidea and Mammutoidea but may nevertheless be in- 
cluded within the Proboscidea (Figure 21-55). 

The Deinotheriodea, which were present in the Old 
World from the early Miocene to the end of the Pleisto- 
cene, have long been considered a divergent suborder within 
the Proboscidea. They were specifically excluded by Mag- 
lio (1973) and by Coppens, Maglio, Madden, and Bedey, 
(1978), but Mahboubi, Ameur, Crochet, and Jaeger (1984) 
and Domning, Ray, and McKenna (1986) argued that 
they shared a close common ancestry. 

The deinotherioids were elephantine in size and limb 
structure. They are clearly distinguished from other pro- 
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boscideans by the absence of upper tusks and the presence 
of large, recurved tusks in the lower jaws (Figure 21-59). 

The posterior position of the narial opening indicates 
the presence of a proboscis, but the shape of the skull is 
very distinct from that of typical elephants. The occiput 
is extended far ventrally to permit attachment of large 
muscles to ventroflex and rotate the skull. As in the gom- 
photheriids, the molar teeth are bilophodont. They remain 
low crowned throughout the history of the group. The 
teeth show considerable variability in both of the recog- 
nized genera but no progressive evolutionary change ex- 
cept for general increase in size. Harris (1976) showed 
that the anterior teeth were used for crushing and the 
posterior for shearing. 

Typical members of this group are not known in 
Africa or elsewhere until the early Miocene and no pos- 
sible ancestors are recognized in the Oligocene, although 
typical proboscideans are fairly well known during this 
time. Harris (1978) suggested that the Upper Eocene ge- 
nus Barytherium, which is known from North Africa, is 
a plausible relative of this group on the basis of the sim- 
ilarity of the cheek teeth. This genus was assigned a more 
distant relationship by Mahboubi and his colleagues on 
the basis of the discovery of Lower Eocene proboscideans. 

Deinotherioids extended into Europe and Asia in the 
late Miocene and Pliocene but were never as common or 
widespread as the elephants. 

Moeritherium, which we know from the Upper Eocene 
and Oligocene of northern Africa (from Senegal to Egypt), 
has long been associated with the proboscideans, but it 
also shares some features with a later group of marine 
mammals, the Desmostylia. 

Moeritherium was less than 1 meter tall with fairly 
lightly built limbs. Their structure and the discovery of 
many specimens in marine deltaic deposits suggests that 
Moeritherium was amphibious in habits. The dentition is 



Figure 21-59. SKULL OF DEINOTHERIUM. tram Harris, 1978. 
Reprinted by permission of Harvard University Press. 



Figure 21-60. THE EARLY PROBOSCIDEAN MOERITHERIUM. 
(. a ) Restoration of skull in lateral view, (b) Palate. From Andrews, 1 906. 

similar to that of the earliest proboscideans in having both 
the upper and lower second incisors greatly enlarged and, 
like them, there are upper but no lower canines (Figure 
21-60). The six pairs of cheek teeth are bilophodont. 

In contrast with other early proboscideans, the skull 
is low and only weakly pneumatized but the external 
auditory meatus is high. There is no evidence of a trunk. 

Moeritheres may be relicts of an early stage in the 
evolution of the proboscideans. Domning, Ray, and 
McKenna (1986) point out features in which they are 
divergent from later proboscideans, including loss of the 
third lower incisor, loss of the lacrimal bone, and the 
shortening of the anterior portion of the skull. They retain 
primitive characters that indicate that they diverged from 
early tethytheres close to the point of origin of the des- 
mostylians. 

DESMOSTYLIA 

Desmostylians were long known only from isolated teeth 
consisting of a number of cusps that developed as closely 
placed enamel cylinders (Figure 21-61c). They were found 
in marine deposits and, as they somewhat resemble the 
teeth of some siremans, it was assumed that they were 
closely related. The discovery of associated postcranial 
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Figure 21-61. LOWER JAWS OF DESMOSTYLIANS. (a) Occlusal 
view of the lower jaw of the primitive Upper Oligocene desmostylian 
Bebemotops proteus. Note similarity with the teeth of the primitive 
proboscidean Moeritherium, 25 centimeters long. From Downing, Ray 
and McKenna , 1 986. (b) Occlusal view of the lower jaw of Bebemotops 
emlongi. Anterior cheek teeth are represented by empty alveoli. The 
anterior dentition resembles that of Desmostylus; the relative length of 
the jaw is much shorter, but the symphyseal region broader. These 
proportions resemble the modern hippopotamus, 50 centimeters long. 
From Domning, Ray and McKenna, (1986.) (a and b ) By permission 
of Smithsonian Institution Press. Smithsonian Institution, Washington, 
D.C., 1986. (c) Dorsal and lateral views of the lower jaws of Desmos- 
tylus, from the Middle Miocene, The cheek teeth are restricted to the 
back of the jaw, leaving a long diastema behind the tusklike canines. 
From Reinhart, 1959. 

material demonstrated that they had a totally different 
body form, with both front and hind limbs that were well 
developed but with hands and feet that were somewhat 
specialized as paddles (Figure 21-62). These animals may 
have been amphibious or perhaps somewhat seal-like in 
habits. Elaboration of the incisors, elongation of both the 
upper and lower jaws, and the long diastema anterior to 
the cheek teeth give them the look of primitive elephants. 
However, the fact that the canine teeth are also elaborated 
as tusks rules out close relationship with typical probos- 
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cideans. Desmostylians are known only in the Upper Oli- 
gocene and Miocene and are restricted to the margins of 
the North Pacific ocean. Palaeoparadoxia and Desmos- 
tylus were common in the Miocene. The Upper Oligocene 
genus Bebemotops, which was recently described by 
Domning, Ray, and McKenna (1986), appears close to 
the ancestry of later desmostylians and demonstrate close 
affinities with the base of the proboscidean assemblage. 
Domning, Ray, and McKenna suggest that desmostylians 
were amphibious herbivores that fed on marine algae and 
that the earlier genera depended to a large extent on plants 
exposed in the intertidal zone. 

It is fairly easy to conceive of a common, Paleocene 
ancestor for typical proboscideans, moeritherioids, and 
desmostylians that was already distinct in the elaboration 
of the anterior dentition and the bilophodont arrangement 
of the molar cusps. It is more difficult to envisage that 
common ancestor also showing significant derived fea- 
tures in common with other African groups such as eni- 
brithopods, sirenians, and hyraxes. 


EMBRITHOPODA 

Embrithopods are known primarily from a single locality 
in the Oligocene of Egypt. Arsinoitberium is known from 
the entire skeleton (Figure 21-63). Although it is ele- 
phantine in its general form, the skull is entirely different. 
It is dominated by two gigantic bony processes that arise 
from the nasals and a much smaller pair that is medial 
to the orbits. The teeth form a nearly uniform series with- 
out tusks, conspicuous canines, or a significant diastema. 
They retain a full primitive dental formula of 

3 1 4 3 

3 14 3 

The molar teeth are conspicuously bilophodont and high 
crowned. 

Until recently, no remains of embrithopods had been 
described outside Africa. In 1977, McKenna and Manning 
suggested that the Upper Paleocene or Lower Eocene 
Mongolian genus Phenacolophus might be related to the 
ancestry of Arsinioitberium. Phenacolophus is repre- 
sented by remains of a skull that is approximately 15 
centimeters long and some postcranial elements. Both the 
upper and lower teeth are bilophodont (Figure 21-64a). 
Unlike Arsinioitberium, the canines are enlarged. Limb 
elements are short, stocky, and primitive. 

Sen and Heintz (1979) described material from sev- 
eral localities in north central Turkey and Romania that 
can be assigned to the Arsiniotheriidae with much greater 
assurance (Figure 21-64d). The specimens are smaller than 
the Egyptian genus and somewhat more primitive in de- 
tails of the dental anatomy. The most significant difference 
is the absence of horns. 
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On the basis of available evidence, one could argue simpler explanation. Both the Turkish and African forms 
that the Embrithopoda originated in Asia and migrated come from deposits that suggest amphibious habits, 
to Africa, or that the group originated in Africa and spread Both embrithopods and proboscideans are suggested 

into Asia at an early stage in evolution, before the emer- as being derived from members of the condylarth family 

gence of horned forms. Bearing in mind the rarity of fossils Phenacolophidae, which have large blunt molar cusps ar- 

from the Paleocene in Africa, an Asian origin seems a ranged so as to form transverse lophs. 


i 
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Figure 21-64. POSSIBLE RELATIVES OF ARSINOITHERIUM. (a) 
Occlusal and (b) lateral views of the lower jaw of Phenacolopbus, a 
condylarth from the Upper Paleocene or Lower Eocene of Mongolia. 
From Matthew and Granger, 1925. (c) Composite reconstruction of 
lower cheek teeth of Phenacolopbus. From McKenna and Manning, 
1977. [d) Lower cheek teeth of the late Eocene of Oligocene Romanian 
arsinoithere Crivadiatherium. From McKenna and Manning, 1977. ( e ) 
Lower cheek teeth of Arsinoitherium. From Andrews, 1906. 

SIRENIANS 

Sirenians have long been thought to have some affinities 
with proboscideans and embrithopods, but the current 
evidence does not seem very convincing. 

Sirenians superficially resemble whales in having a 
fusiform body, forelimbs that are specialized as paddles, 
and a horizontal tail fluke. They differ from all other 
specialized marine mammals in adhering to a strictly her- 
bivorous diet. They are primarily coastal in distribution. 
Only four species survive today, Dugong dugon of the 
Indopacific basin, and three species of manatee: Triche- 
chus inunguis in the Amazon basin, T. manatus in the 
Caribbean and along the northern coast of South America, 
and T. senegaliensts on the west coast of Africa. Stellar’s 
sea cow, Hydrodamalis, was a dugong that lived along 
the northern margin of the Pacific ocean until its extinc- 
tion in the eighteenth century. 

Sirenians lack sonar, although the periotic, like that 
of whales, is not solidly fused to the skull and is dense 
and expanded. All sirenians going back to the Lower Eocene 


are characterized by massive, pachyostotic ribs that sig- 
nificantly increase the body weight. Horizontal stability 
is increased by elongation of the lungs and a horizontal 
diaphragm. Compression of the thoracic cavity permits 
sirenians to sink with a minimum of effort. Unlike whales, 
they are not active divers. 

In all modern sirenians, the rostrum and the end of 
the lower jaw are deflected ventrally. This feature is most 
conspicuous in the dugong, which feeds on bottom-hug- 
ging sea grasses. Living dugongs have two or three pairs 
of cheek teeth that are open rooted but lack enamel. The 
manatee has up to eight teeth that are functional at a time 
in each jaw ramus. These teeth are steadily replaced by 
new teeth that erupt at the back of the jaw; as many as 
20 cheek teeth may erupt in each jaw. In some genera, 
there are tusklike upper teeth that appear to be compa- 
rable to the first incisors in contrast to the tusks in ele- 
phants, which form from the second incisors. 

Sirenians first appear in the fossil record in the Lower 
Eocene of Hungary (Kretzoi, 1953). Their remains are 
fragmentary but include the pachyostotic ribs that are a 
hallmark of the group. 

The Middle Eocene Prorastomus from Jamaica, the 
only genus in the family Prorastomidae, shows the most 
primitive cranial pattern yet known. The lower jaw is 
straight, and there is only a slight deflection of the ros- 
trum. The skull is pachyostotic. The dental count of 

3 15 3 

3 15 3 

is striking in the retention of a fifth premolar, which is 
lost in all other post-Cretaceous groups of placentals. Aside 
from pachyostotic ribs and vertebrae, no definitely at- 
tributable postcranial remains are known to indicate the 
degree of aquatic adaptation attained at this stage of sir- 
enian evolution. 

Apart from the primitive nature of the skull, with its 
general similarities to condylarths, these early sirenids do 
not show any features that demonstrate specific relation- 
ships with other placental orders. The cheek teeth are 
bilophodont like those of early proboscideans and mem- 
bers of the Anthracobunidae, but this feature evolved sep- 
arately in several other orders. The retention of five pre- 
molars in all Eocene species raises the possibility of 
derivation from a very primitive stock of late Cretaceous 
or early Tertiary eutherians, without close affinities with 
any other advanced mammalian orders. The early distri- 
bution of sirenians suggests an origin along the shores of 
the ancestral Tethys Sea rather than specifically from Af- 
rican progenitors. 

Most Middle and Upper Eocene sirenians are placed 
in the genus Protosiren, which is reported from Java, 
India, Europe, and southeastern North America (Domn- 
ing, Morgan, and Ray, 1982). They argue that the family 
Protosirenidae is ancestral to both living families. The 
postcranial skeleton is already essentially modern. 
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Dugongids are represented in the middle Eocene by 
Eotheroides from North Africa (Figure 21-65); like other 
Eocene genera, it still retains five premolars. It is placed 
in the subfamily Halitheriinae, which has a scattered re- 
cord throughout the early Tertiary in Africa, Europe, and 
both the Atlantic and Pacific shores of the New World 
(Domning, 1978). The Dugonginae, which is represented 
today by a single species of the genus Dugong in the Indo- 
Pacific basin, has no fossil record. 

Although most sirenians were tropical in distribution 
throughout their history, one lineage, the Hydrodamati- 
nae, became adapted to life around the shores of the North 
Pacific in the late Cenozoic. The origin of this group lies 
with halitherine dugongids, which are known along the 
western shores of North America since the early Miocene 
(Domning, 1978). The earliest hydrodamalinae, Dusisiren 
(Figures 21-66 and 21-67) appeared about 19 million 
years ago. A series of species provide a nearly continuous 
morphological sequence leading to the modern genus Hy- 
drodamalis, which appeared 7 million years ago. In this 
sequence, the size increases from 2 to 3 meters to over 9 
meters (probably an accommodation to living in cold 
waters) and the cheek teeth are completely lost as are the 
phalanges of the front limb. Domning attributes the change 
in dentition to feeding on softer plants, including kelp and 
other brown-red algae, as was observed by early explorers 
in the Arctic. Heavy insulation with blubber made them 
so bouyant that they apparently did not dive at all. 

In the late Pliocene, Hydrodamalis was known from 
the Japanese archipelago around the North Pacific to 
northern Mexico. The range of the group has apparently 
been progressively reduced over the last 20,000 years. The 
last animals were killed about 1768. 


Figure 21-65. (a) Palate of the sirenid Eotheroides from the middle 

Eocene of North Africa, (b) Pelvic girdle of Eotheroides. From Andrews, 
1906. 



Figure 21-66. (a) Dorsal, (6) palatal, and (c) lateral views of the skull 

of Dusisiren, an early Miocene ancestor of Stellar’s sea cow. From 
Domning, 1978. 

Domning (1982) recently reviewed the evolution of 
the manatees (Trichechidae). Their ancestry probably lies 
in primitive dugongids or possibly protosirenids that were 
isolated in the South American area in the early Tertiary, 
at which time the Amazon Basin was open to both the 
Atlantic and Pacific Oceans. The first possible member of 
the modern family is Potamosiren from the Middle Mio- 
cene. This genus has reduced the cheek teeth to molars 1 
to 3, as in most dugongids. The feature of continuous 
cheek tooth replacement, which is fed by indefinite tooth- 
germ division, is established in Ribodon by the late Mio- 
cene. Domning attributed selection for the changing den- 
tal pattern to feeding on siliceous aquatic grasses in the 
Amazon Basin, in contrast with the less-abrasive sea grasses 
eaten by the dugongs. 

Movement of the teeth from the back to the front of 
the jaw and the loss of permanent premolars are features 
in common with members of the Elephantidae, but they 
clearly evolved independently in the two groups, and the 
sirenians are distinct in the continuous replacement of the 
molars. 

Dugongids preceded the manatees in the Caribbean, 
where they were present for most of the Tertiary. They 
became extinct in the Atlantic and Mediterranean at the 
end of the Cenozoic, possibly as a result of climatic de- 
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Figure 21-67. SKELETON OF DUSISIREN. (a) Lateral and (b) dorsal views. Original was 4 meters long. From Downing, 1978. 


terioration leading to the Pleistocene glaciation. The last 
record of dugongids in the Atlantic Basin is in the late 
Miocene, whereas manatees evidently entered that ocean 
from South America in the Pliocene. 


HYRACOIDEA 

The hyracoids or conys are superficially rabbitlike forms 
whose history has been confined largely to Africa, al- 
though they are also known in limited areas of Europe 
and Asia. 

They appear first in the Upper Eocene of North Africa 
(Sudre, 1979). In the early Oligocene, Lower Fossil Wood 
Zone of the Fayum, Egypt, they make up approximately 
half the fauna, but by the Upper Fossil Wood Zone, they 
account for only 16 percent of the specimens. Their im- 
portance continues to dwindle through the Cenozoic 
(Meyer, 1978). Today, there are three genera that are 
restricted to Africa and the near East. 

The current fossil record provides little evidence of 
the specific origin of the group and little to confirm af- 
finities with the other “African” orders. 

The dentition of hyraxes for most of their history 
maintained nearly the primitive eutherian formula, with 
loss of only the lateral lower incisors. The most important 
specialization is that the central upper incisor is a trian- 
gular, recurved tusk that grows from a persistant pulp 
cavity. The enamel on the lingual side is present when the 
tooth first erupts but is rapidly worn down. As in rodents, 
this tusklike medial incisor is sharpened by contact with 
the lower incisor. The upper incisor is always larger in 
the male than in the female. There may be a short diastema 


behind the incisors but the rest of the dentititon is of 
uniform height. The cusps are bunodont to lophodont, 
with a distinctly perissodactyl appearance in some genera 
(Figure 21-68). 

The modern genera are omnivorous. Some are ar- 
boreal and others live among the rocks. All climb well 
with the help of moist foot pads. 

The postcranial skeleton is distinctive in the great 
length of the vertebral column, with 20 to 23 thoracic 
and 4 to 9 lumbar vertebrae. In contrast, the tail is ex- 
ceedingly short. There are five toes on the manus and 
three on the pes. All bear flat nails except the inside digit 
of the pes, which has a claw. The posture is plantigrade, 
with the rear limbs kept in a crouch. 

The abundant early Tertiary fossils are included in 
the extinct family Pliohyracidae. We first find the modern 
Procaviidae in the Miocene. The lateral incisors and ca- 
nines are lost in the Pleistocene and Recent species. Sudre 
agrees with the frequently suggested idea that hyraxes 
originated from the Condylarthra but does not support 
affiliation with proboscideans and sirenians. Current work 
by Fischer (Prothero, Manning, and Fischer, 1986) sup- 
ports close affinities between hyraxes and perissodactyl s. 


TUBULIDENTATA — THE AARDVARK 

The aardvark, or earth pig, is known from a single modern 
species, Orycteropus afer , which is widespread in Africa 
south of the Sahara. It has a heavily built, generally ar- 
chaic skeleton, with limbs that are specialized for digging. 
There are four toes on the manus, five on the pes, and 
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the clavicle is retained. The limb bones show conspicuous 
tuberosities for muscle attachment. 

The aardvark lives in burrows and feeds primarily 
on termites that it digs from the ground. Its sense of smell 
is extremely acute. I'he incisors and canines are lost, as 
is the enamel from all the teeth. The cheek teeth are large 
and unique among mammals in being composed of nu- 
merous hexagonal prisms of dentine that form around 
tubular pulp cavities. The absence of enamel is compen- 
sated for by continuous growth of the cheek teeth. The 
teeth and lower jaws are much better developed than in 
ant-eating specialists in other orders. 


(«) 



Aardvarks are of special phylogenetic interest in being 
almost certainly African in origin, but without special 
skeletal resemblance to the other groups whose origin or 
early evolution has been associated with Africa: sirenians, 
elephants, and hyraxes. They are also clearly distinct phy- 
logenetically from the other groups that are highly com- 
mitted to feeding on ants — the South American Myrme- 
cophagidae and the pangolins. 

Aardvarks nevertheless show a similar pattern of 
enamel loss to that of South American xenarthrans and 
the North American palaeanodonts (which will be dis- 
cussed in a later section). Patterson (1975, 1978) discussed 



Figure 21-69. AARDVARKS, ORDER TUBUL1DENTATA. [a) Skull 
of the modern species Orycteropus afer. (b) The Miocene species 
Orycteropus gaudryi, skull in lateral view and lower jaw in occlusal 
view, (c) Foot of Orycteropus gaudryi. Note similarity to the condylarth 
E ctoconus (see Figure 21-5). From Colbert, 1941a. 
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the fossil record in two recent papers. He recognized four 
distinct genera, all from the late Cenozoic. The modern 
genus Orycteropus can be traced back to the late Miocene. 
Colbert (1941a) demonstrated that the modern species 
differs from the extremely well-known late Miocene form 
O. gaudryi by little more that its larger size and more 
robust skeleton (Figure 21-69). The late Miocene species 
retains all seven cheek teeth, which are reduced to five or 
six in the modern species. The specimens described by 
Colbert were found on the island of Samos, adjacent to 
the coast of Turkey; other fossils referable to the modern 
genus are known from France and western Russia. The 
earlier record is confined to Africa. The oldest-recognized 
aardvard, Myorycteropus from the Lower Miocene has a 
similar dentition to the living genus, but the limbs show 
somewhat different adaptations to digging. Leptorycter- 
opus from the middle Pliocene, despite its late appearance, 
is the least-specialized member of the group. The snout 
is not elongate, but the jaw symphysis is long and large 
canine teeth are retained. The skeleton is much more lightly 
built and the zygapophyses are less extensively interlock- 
ing than in other aardvards, which suggests less commit- 
ment to digging. The skull of Plesiorycteropus from the 
sub-Recent of Madagascar is very similar to that of the 
pangolin, suggesting a much higher degree of specializa- 
tion for ant eating than we see in other aardvarks. 

Unlike the other anteaters, there is little controversy 
regarding the ultimate ancestry of the aardvarks. Most 
recent authors have allied them closely with the condy- 
larths. Patterson (1975) compared various skeletal ele- 
ments with individual condylarth genera but did not spec- 
ify a particular point of origin within that order. The 
absence of normal cusps in all the known genera precludes 
specific comparison of the teeth, which form the basis for 
the recognition of the condylarth families. Thewissen (1985) 
calls attention to similarities with members of the In- 
sectivora. 

South American 

UNGULATES 

South America was much more effectively isolated 

during the Tertiary than was Africa. From the late 
Cretaceous until the end of the Pliocene, there was no 
direct land connection between South America and any 
other continent. There was a variably emergent chain of 
islands that may have allowed rare waif dispersal across 
the Caribbean from North America. The alternative pos- 
sibility of access from Africa via ephemeral mid-Atlantic 
islands and rafting remains controversial (Ciochon and 
Chiarelli, 1980; Simpson, 1978). 

In the late Cretaceous or early Tertiary, at least two 
major lineages entered South America, one giving rise to 
the South American edentates and a second to a series of 
ungulate orders. 


The fossil history in South America is not as contin- 
uously recorded as that of North America, but most major 
time intervals are represented. The most significant hiatus 
is the absence of any remains from the early Paleocene. 
As in Africa, by the time groups appeared in the later 
Paleocene and Eocene, they were already so specialized 
that their specific interrelationships are very difficult to 
establish. We may be missing 15 to 20 million years of 
their early evolution. 

Because of its isolation, correlation between the fos- 
sil-bearing beds in South America and those of the rest 
of the world was subject to doubt until absolute dating 
came into use. As in Europe and North America, pro- 
vincial age terms were long used. The modern correlation, 
which is based on radiometric dating and magnetic stra- 
tigraphy, is shown in Figure 21-70, but provincial terms 
are also cited in the text to facilitate use of the earlier 
literature. 

The only Cretaceous mammal from South America 
that may be assigned to the ungulates, Perutherium, is 
known from a single jaw with fragments of two teeth. 
Van Valen (1978) places it in the family Periptychidae, 
but Cifelli (1983b) questions whether it is even a euthe- 
rian. 

Recent authors recognize six uniquely South Amer- 
ican ungulate orders: Notoungulata, Astrapotheria, Tri- 
gonostylopoidea, Xenungulata, Pyrotheria, and Litop- 
terna. Many families show specializations in common with 
well-known orders from the northern continents and Af- 
rica. Ameghino (1906), who was the first to describe many 
of the South American groups, thought that these simi- 
larities indicated close relationships, but all are now at- 
tributed to convergence (Simpson, 1967, 1980). 

The litopterns include both horselike and camel-like 
forms. The pyrotheres have features common to elephants 
and the astrapotheres somewhat resemble rhinos. The no- 
toungulates included the rodentlike typotheres and he- 
getotheres and the sheeplike to rhinolike toxodonts. The 
trigonostylopoids are presently included within the As- 
trapotheria, and the Xenungulata are allied with the 
pyrotheres. 

The origin and affinities of the South American un- 
gulates were most recently reviewed by Cifelli (1983b). 
Their ultimate ancestry has long been assumed to lie with 
the condylarths of the northern continents. One family of 
conservative condylarths, the Didolodontidae, is known 
in South America from the late Paleocene (Riochican) into 
the middle Miocene (Friasian) (Figure 21-71). 

The ancestry of the didolodonts can be traced to the 
hyopsodont subfamily Mioclaeninae, particularly genera 
such as Litaletes from the Middle Paleocene. Cifelli char- 
acterized the Miocleaninae by the possession of inflated 
premolars, with the loss of accessory cusps and cuspules 
and by reduction of M|. The mioclaenines and the di- 
dolodonts share a similar pattern of molarization of the 
upper premolars; in contrast with phenacodonts, which 
they otherwise closely resemble, the protocone of P 4 is 


Figure 21-70. TIME RANGES OF SOUTH AMERICAN UNGULATE FAMILIES. 
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Figure 21-71. ( a and b) Upper and lower teeth of the South American 

condylarth Didolodus, x 1. From Simpson, 1948. 


large and transversely aligned with the paracone. The 
early South American condylarths are distinguished in 
having slightly more bunodont cusps, with the talonid 
cusps somewhat more distinct. 

The didolodonts, which are known primarily from 
jaw fragments and isolated teeth, may be ancestral to all 
other South American ungulates, but they show partic- 
ularly close affinities with the Litopterna. Based on the 
anatomy of primitive didolodonts and early litopterns such 
as Asmitbwoodwardia, the immediate common ancestors 
of these groups would be expected to have been small, 
comparable with the better-known hyopsodontids, with 
a complete dental series. The anterior teeth were unspe- 
cialized and a diastema had not developed. The P’ has a 
small metacone close to the paracone and a low proto- 
cone. The P 4 had both paracone and metacone, but the 
styles were reduced. In general, the upper molars had low 
cusps. A hypocone had developed on M 1-2 , but not on 
M\ In the lower jaw, the P 3 was simple and uninflated. 
P 4 had a metaconid and paraconid as well as a protoconid 
and a unicuspid talonid. The trigonid and talonid on the 
lower molars were of nearly the same height. This mor- 
photype provides a basis for establishing the degree of 
relationship of all the other South American ungulate groups 
to the didolodontids and litopterns. 

LITOPTERNA 

The litopterns are best known by the proterotheres, which 
were superficially horselike (Figure 21-72). Thoatherium 
from the Miocene achieved a reduction of the lateral digits 
that was even greater than that of the modern horse at 
the end of the Tertiary. The limbs were short and the 
dentition was much less specialized. A diastema was little 
developed, and the teeth remained low crowned but lo- 
phodont. They appear to have been suitable for browsing 
but not grazing. The macraucheniids had the general build 
of camels, but the retracted nasal bones suggest the pres- 
ence of a proboscis (Figure 21-73). The Adianthidae were 
small, delicately built animals that are known only in the 
middle Tertiary (Cifelli and Soria, 1983). 



Figure 21-72. THE HORSELIKE LITOPTERN D1AD1APHORUS. 
From Gregory, 1951 and 1957. 



Figure 21-73. THE CAMEL-LIKE LITOPTERN THEOSODON. From 
Gregory , 1951 and 1957. 

NOTOUNGULATA 

The largest assemblage of South American ungulates be- 
longs to the order Notoungulata, which includes 13 fam- 
ilies that exhibit a wide range of body forms. 

Eight families had already appeared by the Riochican 
and Casamayoran (Middle Paleocene to Lower Eocene). 
We can recognize their close relationship by a particular 
pattern of the molar cusps. In early members of the order, 
the teeth are low crowned and a trace of the primitive 
pattern of distinct cusps is still evident, but the cusps have 
begun to join to form a pattern of lophs with a straight 
ectoloph on the outer surface, a long protoloph, and a 
metaloph, which may have a separate forward-directed 
process termed a crochet. There may be accessory cusps 
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in the central valley of the upper molars (Figure 21-74). 
In the lower teeth, the entoconid is isolated in a crest of 
the posterior lophid. An anterior lophid is formed from 
the protoconid and metaconid. 

The complete eutherian tooth complement is present 
in early genera, and only a few forms reduce the tooth 
count significantly or develop a long diastema. 

Patterson (1934) and Simpson (1948) described a 
distinctive pattern of the middle ear that characterizes 
notoungulates. In addition to the normal auditory bulla 
formed from an expanded ectotympanic, there are addi- 
tional chambers both above and below the normal middle 
ear cavity that may have enhanced the acuity of hearing. 
The external auditory meatus is an ossified tube (Figure 
21-75). 

Postcranially, early notoungulates, as characterized 
by Thomashuxleya (Figure 21-76), retain primitive fea- 
tures little advanced above the level of the North Amer- 
ican amblypods and dinocerata. There are five toes on 
both the front feet and hind feet, and the posture is 
plantigrade. 

When the notoungulates are first recognized in the 
late Paleocene and early Eocene, they were in the initial 
stages of an explosive radiation, which is reflected in an 
astounding degree of individual variability. The species 
Henricosbornia lophodonta is represented by the denti- 
tions of hundreds of specimens. Simpson’s (1948) thor- 
ough statistical study of both qualitative and quantitative 
traits indicates that all belong to a single biological unit 
that shows continuous variability. Previous descriptions 
by Ameghino (1906), which were based on a typological 
species concept, led to the recognition of sixteen species 
that were placed in eight genera, four families, and three 
orders. 

Four suborders are recognized within the notoun- 
gulates, all of which had diverged by the end of the Pa- 
leocene. The most primitive forms are included in the 
Notioprogonia, which are restricted to the Paleocene and 
Eocene. The Toxodontia is the most diverse group and 
includes the largest genera, which reached the size and 
proportions of hippos and rhinos. Tire typothers and the 


(a) Ectoloph (b) Hypolophid 




Figure 21-74. (a) Upper and (6) lower molars of notoungulate showing 

pattern of the lophs. From Simpson, 1980. 


(a) 




Figure 21-75. ( a and b ) Detail of ear region of the notoungulate No- 

tostylops. Abbreviations as follows: al, alisphenoid; am, auditory mea- 
tus; an, acoustic notch; bs, basisphenoid; cf, condylar foramen; cm, 
crista meati; ct, crista tympanica; ec, eustachian canal; fg, fissura glaseri; 
fo, foramen ovale; gf, glenoid fossa; hs, hypotympanic sinus; oc, occip- 
ital condyle; pa, porus acusticus; pgf, postglenoid foramen; pgp, post- 
glenotd process; plf, posterior lacerate foramen; pop, paroccipital pro- 
cess; pr, promontorium of the petrosal; ptp, posttympanic process; re, 
recessus epitympanicus; stf, stylomastoid foramen; tb, tympanic bulla; 
tc, tympanic cavity; vph, vagina processus hyoidei. From Simpson, 1 948. 


hegetotheres included rabbitlike forms and large rodent- 
like genera. 

Early members of all the suborders are characterized 
by primarily primitive features when they first appear in 
the fossil record, including a complete dentition with low- 
crowned teeth and without a diastema. In each group, 
advanced genera achieved high-crowned and ever-grow- 
ing teeth. 

Within the Notioprogonia, the family Notostylopi- 
dae shows early dental specialization in the elaboration 
of large nipping incisors that are separated from the cheek 
teeth by a long diastema (Figure 21-77). As in the case 
of Henricosbornia , the genus Notioprongia shows ex- 
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Figure 21-76. SKELETON OF THE PRIMITIVE NOTOUNGULATE THO MASH UX LEYA, x A- From Simpson, 1967. 


treme variability in tooth count (Simpson, 1980), with a 
single species ranging from 

3 1 4 3 

3 14 3 

to 

2 0 3 3 
2 0 3 3 

Both typotheres and hegetheres include advanced 
members in which the incisors were ever-growing struc- 
tures like the gnawing incisors of rodents (Figure 21-78). 
The Pliocene and Pleistocene typothere Mesotherium 
reached the size of a black bear. Within the typotheres, 
the number of digits is reduced to a greater degree than 
in other notoungulates. Among Northern FFemisphere un- 
gulates, there is a very clear distinction between the mes- 
axonoic pattern of the perissodactyls, in which the main 
axis of the foot runs through the central digit and the 
number of digits is reduced to three or one, as opposed 
to the paraxonic pattern of the artiodactyls, in which the 



Figure 21-77. SKULL OF NOTOSTYLOPS, A PRIMITIVE NO- 
TOUNGULATE. Note elaboration of incisors and retention of canines 
and anterior premolars, x jj. From Simpson, 1948. 


main axis runs between digits III and IV and the number 
of digits is reduced to four or two. In the typothere Mio- 
cochilius, the forefoot is three toed, with the largest being 
the second and third. The hind foot has only two toes, 
the third and fourth. All other notoungulates place most 
of their weight on the middle toes but retain digits II and 
IV as well. The degree of developmental constraint gov- 
erning digital evolution would appear to be different among 
various ungulate orders. 

Among the hegetotheres, Pachyrukhos achieved a very 
rabbitlike anatomy, with long rear limbs and feet that 
rested flat on the ground that could have served to spring 
the animal up in a rabbitlike leaping action. Both the 
cheek teeth and the incisors were evergrowing, and the 
dental formula was reduced to 

10 3 3 

2 0 3 3 

The Toxodonta include five families. Thomashux- 
leya, which was described as a representative early no- 
toungulate, is a primitive toxodont. The Santacrucian (early 
Miocene) genus Homalodotherium (Figure 21-79) has 
converged on the pattern of the perissodactyl superfamily 
Chalicotheroidea in the elaboration of claws, in contrast 
with all other notoungulates. Toxodon is a late-surviving 
member of the group that had the build and size of a 
rhinoceros and even bore a stubby horn on its nasals. The 
dentition shows a short diastema, with the loss of the last 
upper incisor and canine and the first lower premolar. 
The other teeth were all high crowned and ever growing. 
This genus was common to the end of the Pleistocene. 
Typotheres and hegetotheres also survived in reduced 
numbers into the Pleistocene before becoming extinct. 

The notoungulates are the only South American un- 
gulate order that may have a fossil record in other con- 
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Figure 21-78. THE TYPOTHERE NOTOPITHECUS. (a) Lateral and 
(b) palatal views, x 1. From Simpson, 1967. 

tinents. Arctostylops from North America has been as- 
signed to the Notioprogonia, as have numerous Asian 
genera, including Palaeostylops (Figure 21-80). These re- 
mains have been interpreted as indicating either that no- 
toungulates originated in the northern continents and later 
entered South America or that some notoungulates emi- 
grated from South America early in their history. Ad- 
vanced arctostylopids have cheek teeth that closely resem- 
ble those of South American notoungulates, but Cifelli 
(1983b) argues that these similarities are the result of 
convergence and that the most primitive Asian species 
lack important characteristics of notoungulates and have 
specializations that are not encountered in the South 



Figure 21-80. (a to d) Upper and lower dentition of Palaeostylops , a 
possible notoungulate from the Upper Paleocene or lower Eocene of 
Mongolia. From Matthew and Granger, 1925. ( e and f) Upper dentition 
of Notostylops, a primitive South American notoungulate, in lateral and 
occlusal view. From Simpson, 1948. 



Figure 21-79. HOMALODOTHERIUM. A clawed toxodont from 
the Santa Crucian, x ,1,. From Riggs, 1937. By permission of the Field 
Museum of Natural History, Chicago. 
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American genera. The premolars are exceedingly simple 
and the upper molars primitively lack a hypocone. What 
later develops in the position of the hypocone is actually 
a displaced metaconule. The arctostylopids lack the trans- 
verse entolophid on the lower molar and have a simpler 
trigonid in the upper molar. They are divergent in the 
great development of anteroposterior vertical shearing 
surfaces on the upper and lower molars. Unfortunately, 
the ear structure of the Asian forms has not been inves- 
tigated to see if it resembles the highly distinctive pattern 
of the South American genera. Cifelli suggests that the 
arctostylopids may have evolved directly from the atypical 
Chinese arctocyonid Lantianius. 

The teeth of early notoungulates are already clearly 
characteristic of that order but could have been derived 
from the pattern of the primitive didolodont-litoptern stock. 

PYROTHERES 

The pyrotheres were large animals with long bodies and 
short columnar limbs that are known from the late Pa- 
leocene into the Deseadan (Lower and Middle Oligocene) 
(MacFadden and Frailey, 1984). Pyrotherium from the 
Deseadan is the only genus in which the skull is known. 
Two pairs of upper and one pair of lower incisors were 
specialized as short tusks; the cheek teeth are bilophodont. 
The nasal region suggests a proboscis (Figure 21 -81). Like 
proboscideans and embrithopods, the pyrotheres had a 
serial tarsus with modified calcaneofibular contact. 

Patterson (1977) reported that the ear region of Pyr- 
otberium resembles that of notoungulates, but the dental 
specialization is so different that an immediate common 
ancestry seems very unlikely. Cifelli (1983b) suggested 
that the teeth could be derived from those of the common 
didolodont-litoptern ancestors, although he stressed the 



Figure 21-82. LOWER JAW OF CARODNIA, THE ONLY GENUS 
INCLUDED IN THE ORDER XENUNGULATA. The molar teeth are 
strongly bilophodont. From Paula Couto, 1952. 

problem of accounting for such a drastic change in the 
dentition prior to the Upper Eocene. 

XENUNGULATA 

The order Xenungulata was named by Paula Couto (1952) 
for the reception of a single genus, Carodnia, from the 
Upper Paleocenc (Riochican). It was a large form that 
broadly resembles the pantodonts, unitatheres, and em- 
brithopods of the other continents. The limbs were slen- 
der, but the feet retained all five digits. The incisors were 
chisel-like, the canines were large and sharp, and the cheek 
teeth were partially bilophodont (Figure 21-82). This 
combination of dental characters distinguishes this genus 
from members of all other South American orders. Wheeler 
(1961) and McKenna (1980) suggested affinities with the 
Dinocerata based on dental resemblances. This hypothesis 
is elaborated by Schoch and Lucas (1985). Cifelli (1983a) 
suggested that Carodnia may share a common ancestry 
with the pyrotheres, based on tarsal similarity. 



Figure 21-81. SKULL OF THE ELEPHANTLIKE GENUS PYROTH- 
ERIUM. (a) Lateral and (b) palatal views. From Lavocat, 195S. 


ASTRAPOTHERIA 

We know astrapotheres from the Upper Paleocene to the 
end of the Miocene. Advanced genera, such as Astra- 
potherium from the Oligocene, were 3 meters or more in 
length (Figure 21-83). The forclimbs were stout, but the 
rear ones were more slender. Like that of the Dinocerata, 
the tarsus is strongly alternating, with great development 
of the medial malleolus of the tibia as a weight-supporting 
area. The skull was highly specialized, with very short, 
toothless premaxillae; the frontal sinuses give the fore- 
head a domed appearance. The upper canines were large 
and ever growing. The lower canines were also elongate, 
but the anterior premolars were vestigial; the last two 
molars were enormous. The narial opening was posterior 
in position, which suggests the presence of a proboscis. 
The lower jaw was apparently longer than the upper. 

The Trigonostyloidea, which are known primarily 
from the Lower Eocene, have long been allied with the 
astrapotheres, but Simpson (1967) placed them in a dis- 
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tinct order. Cifelli (1983a, b) returned them to the Astra- 
potheria, arguing that they were distinguished primarily 
by primitive features. The postcranial skeleton is not known. 
The skull (Figure 21-84) resembles that of Astrapotherium 
in the great size of the lower canines and the reduction 
of the anterior premolars. The third and fourth upper 
premolars are molarized. The lower molars lack a para- 
conid, and the labial talonid cusps are joined by a crest 
that is continuous with the cristid obliqua. 

A striking feature of the trigonostylopids is the fact 
that the hypocone is almost or completely absent in the 
primitively triangular upper molars. Since this cusp de- 
velops in later astrapotheres, its early absence cannot be 
considered a simplification but is almost certainly a prim- 
itive feature of the group. In this feature, the trigonos- 
tylopids are more primitive than the early litopterns and 
didolodonts. 

This evidence suggests that astrapotheres had evolved 
prior to the emergence of the immediate common ancestor 
of the didolodonts and litopterns. Cifelli (1983b) uses this 
evidence to argue that the South American ungulates may 
not have had a unique common ancestry. Such a common 
ancestry could be imagined in forms only slightly more 
primitive than the early didolodonts, but they would have 
very few dental characters that would differentiate them 
from the most primitive condylarths. 



Figure 21-84. TRIGONOSTYLOPS. Skull in lateral view, x J. Prom 
Simpson, 1967. 


A late Cretaceous or early Paleocene migration of 
primitive ungulates (still lacking a hypocone) into South 
America would give time for the divergence and special- 
ization of all the known orders. In contrast, Cifelli (1983b) 
argues that there may have been two ancestral lineages, 
one that gave rise to the astrapotheres and pyrotheres and 
the other that led to the litopterns and notoungulates. 
Only the later groups are securely tied to the northern 
condylarths, but both must trace their ultimate origin to 
that group. Schoch and Lucas (1985) argue that xenun- 
gulates and pyrotheres are not condylarth derivatives but 
arose from Asian anagalids. 

The ungulates of South America appear as a copy in 
miniature of the diversity seen in the rest of the world, 
with their own models of hippos, rhinos, horses, camels, 
elephants, and conies. They diversified and flourished to 
the end of the Tertiary. By the end of the Pleistocene, they 
had all become extinct. Their final demise may be attrib- 
uted to competition and predation by the placentals from 
the rest of the world that entered South America 3 million 
years ago, when a land connection was established with 
North America. 

Edentates 

Several very different sorts of mammals have been 

grouped together in a single assemblage, the Eden- 
tata. They include the Asian and African pangolins or 
scaly anteaters (Order Pholidota); a diverse but phylo- 
genetically coherent group of South American forms, the 
Order Xenartha, which includes the armadillos (suborder 
Cingulata), anteaters (Vermilingua), and sloths (Pilosa); 
and the palaeanodonts from the early Tertiary of North 
America. All are characterized by the reduction or com- 
plete loss of the dentition. If teeth are retained, they lack 
enamel. Most edentates have highly developed claws, es- 
pecially on the forelimbs, which in many genera are used 
for digging. In most modern edentates, this combination 
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of features is associated with a diet that includes ants, 
termites, and other small insects that are dug from the 
ground or from termite nests. The living tree sloths and 
a number of extinct Xenarthrans are notable exceptions 
in being strictly herbivorous. 

In contrast with primitive mammals and modern 
shrews, insectivorous edentates do not use their teeth to 
pierce and shear their prey. Instead, they are crushed or, 
more commonly, swallowed whole to be broken up by a 
muscular, gizzardlike portion of the stomach. Their highly 
developed sense of smell enables them to detect prey bur- 
ied deep in the ground. 

The great reduction of the dental enamel and elab- 
oration of the skeleton for digging are features of the 
earliest known fossil edentates and suggest that feeding 
on subterranean colonies of social insects led to the initial 
divergence of this assemblage. 

The evolution of each of the major edentate groups 
has been confined largely, if not entirely, to a single con- 
tinental area. It is not yet possible to establish if they 
originated from a single ancestral stock whose de- 
scendants became isolated in each of these areas or whether 
these groups arose from two or three separate ancestral 
lineages that were not closely related to one another. 

XENARTHRA 

The South American order Xenarthra is the most diverse 
of the edentate groups, with a rich fossil record through- 
out the Cenozoic (Simpson, 1948, 1980; Patterson and 
Pascual, 1968). The term xenarthra refers to the “strange” 
or accessory articulations between the vertebrae (Figure 
21-85u). Their elaboration may be associated with the 
initial specialization of the postcranial skeleton for dig- 
ging and may have enabled divergent groups such as the 
armadillos and glyptodonts to support a heavy carapace 
and the ground sloths to support their massive body in a 
near vertical posture. All members have an accessory area 
of attachment for the pelvic girdle between the ischium 
and the transverse processes of the caudal vertebrae (Fig- 
ure 21-85f>). In most genera, the scapula bears a second 
spine that is parallel but posterior to the first. In the sloths, 
the acromion extends anteriorly to fuse with the coracoid 
area. 

Cingulata 

Despite the obvious specialization of armadillos in pos- 
sessing an external bony carapace, the remainder of the 
skeleton of early genera is primitive relative to other xe- 
narthrans, and they appear close to the ancestry of the 
entire order. Some sloths retain isolated elements of der- 
mal armor within their skin. Armor is completely absent 
in South American anteaters. It may have been lost in an 
early stage of their evolution, or they may have diverged 
from the common xenarthran stock before the elaboration 
of armor. 
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Figure 21-85. (a) Vertebrae of the South American anteater Myrtne- 

cophaga showing extra articulating surfaces. From Gregory , 1951 and 
1957. ( b ) Pelvic girdle of an armadillo showing accessory articulation 
between the ischia and the caudal vertebrae, (e) Scapula of the ground 
sloth Nothrotherium. From Stock, 1925. With permission of Carnegie 
Institution of Washington. 


We find armadillo scutes in the lowest horizon that 
bears Cenozoic mammals in South America, the Riochi- 
can (Middle to Upper Paleocene). Much of the skeleton 
of the primitive armadillo Utaetus is known from the 
Casamayoran (Lower Eocene). It expresses all the im- 
portant characteristics of xenarthrans but in a primitive 
form. Only the back of the skull is preserved, and it shows 
that the glenoid is fairly far forward, low, and nearly flat. 
The teeth are simple pegs, without roots, and were prob- 
ably ever growing. Unlike later xenarthrans, the teeth still 
have a thin covering of enamel on the internal and external 
surfaces, but not elsewhere. There are ten teeth in each 
jaw ramus that are plausibly identified as two incisors, a 
slightly larger canine, and seven cheek teeth, which are 
circular to eliptical in outline (Figure 21-86). The absence 
of enamel results in a relatively soft crown, without cusps 
or a specific occlusal pattern. Rapid wear of the teeth 
allows them to conform to a pattern that is appropriate 
for the available food. This wear is compensated for by 
continuous growth of the teeth. The possibility for the 
teeth to adjust to different foods may be a major factor 
that is responsible for the wide range of diets of modern 
armadillos. 

The lower jaw in Utaetus has a very short process 
anterior to the dentition, in contrast with its much greater 
elaboration in later armadillos. The cervical vertebrae are 
all separate, whereas the axis and the succeeding cervicals 
fuse in lower Miocene and later genera. The trunk ver- 
tebrae show distinct xenarthrous articulations, which are 
characteristic of the order. The scapula has a strong ac- 
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Figure 21-86. (a) Medial and (b) lateral views of the lower jaw of the 

Eocene armadillo Utaetus, X J. From Simpson, 1948. 


romion and a thickening of the posterior margin of the 
blade in the position where the second scapular spine 
develops in later genera. The ischium has already elabo- 
rated the specialized area of attachment to the anterior 
caudal vertebrae. The ulna has a long olecranon, which 
suggests digging capabilities. 

The carapace has already evolved most of the features 
of modern genera, although the individual scutes were 
not as tightly integrated. There was a separate head shield 
and at least 12 flexible bands over the shoulder area. The 
more anterior of these became consolidated in post-Eocene 
genera to form a solid unit. Scutes are tentatively asso- 
ciated with the tail, but they may not have formed well- 
developed rings. As in modern genera, the scutes were 
covered with epidermal scales; they do not fossilize, but 
their presence is indicated by impressions in the under- 
lying dermal elements. 

Many lineages of armadillos are known throughout 
the Cenozoic in South America. Despite their readily pre- 
served and easily identified scutes, their fossil record re- 
mains spotty. Several of the modern genera have a fossil 
record going back to the Pliocene or Pleistocene. At the 
end of the Pliocene, several genera entered North America. 
The only species now remaining on that continent is Da- 
sypus novemcinctus, with a wide distribution in the south- 
ern states. 

Simpson (1948) pointed out that the evolutionary 
rate of armadillos since the early Eocene appears slow if 
we compare Utaetus with primitive modern forms. On 
the other hand, much more significant changes are evident 
in the lineages that lead to more specialized living genera 
such as Priodontes and Chlamyphorus. Even more dra- 
matic modifications in the skeleton are seen in a separate 
cingulate lineage, the family Glyptodontidae. 


Glyptodonts are distinguished from other armored 
edentates by the integration of the carapace into a single, 
inflexible unit. Glyptodonts are also distinguished by the 
pattern of the cheek teeth, which are bilobate or trilobate 
in occlusal view (Figure 21-87). We find teeth with this 
pattern as early as the Mustersan (middle Eocene). The 
pampatheriine armadillos may provide a link between the 
two families. Four or five subfamilies of glyptodonts are 
known in the Cenozoic of South America. One genus, 
Glyptotherium, entered North America in the early Pleis- 
tocene, and several species are recognized in the Gulf 
states. None survived to the end of the Pleistocene. Gillette 
and Ray (1981) thoroughly described this genus, which 
provides a good example of the terminal members of this 
family (Figures 21-87 and 21-88). 

The skeleton is approximately 2.5 meters long, and 
almost all of it is covered by dermal armor. The skull has 
a small cephalic shield, as in armadillos, and the tail is 



Figure 21-87. SKULL OF THE GLYPTODONT GLYPTOTHER- 
IUM. (a) Lateral and ( b ) palatal views. Note extremely high-crowned 
molar teeth revealed by damage of the cheek. From Gillette and Ray, 
1981. By permission of Smithsonian Institution Press, Smithsonian In- 
stitution, Washington, D.C. 
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Figure 21-88. (a) Skeleton of Glyptotherium. Armor is shown in dotted lines, (b) Reconstruction of Glyptotherium. Original 

was 2 meters long. From Gillette and Ray, 1981. By permission of Smithsonian Institution Press, Smithsonian Institution, 
Washington D.C. 


surrounded by overlapping cylinders. The tail is tapered 
in the North American genus but ends in an expanded 
mace in the South American subfamily Doedicurinae. The 
skeleton is highly modified to support the carapace. Most 
of the trunk vertebrae and the enormous pelvis are fused 
into a single, immobile unit. The limbs are massive to 
accommodate the extra weight of the carapace, with the 
tibia and fibula no more than 50 percent the length of 
the femur. The feet are stout and broad. Presumably only 
very slow locomotion was possible. 

The skull is very high, narrow, and short and is dom- 
inated by enormously high-crowned teeth. As in other 
xenarthrans, they lack enamel h>ut accommodate for its 
absence by the potential for continuous growth. There 
are eight nearly identical molariform teeth in each jaw 
quadrant. It is not known whether the most anterior are 
supernumerary cheek teeth or modified canines. As in 
armadillos, no incisiform teeth are retained. The distri- 


bution of the jaw muscles indicates that jaw movement 
was primarily in the horizontal plane. Gillette and Ray 
suggest that Glyptotherium probably fed on relatively soft 
vegetation along the banks of water courses during the 
late Pleistocene. The final extinction of this genus was 
probably the result of the restriction during the Pleistocene 
of the warm, damp environment that it required. 

Pilosa 

The strictly arboreal modern tree sloths, which lack der- 
mal armor, appear very distinct from armadillos. The now 
extinct ground sloths bridge this gap to some degree. Three 
or four major lineages of sloths are recognized. The my- 
lodontoids appear in the late Eocene. In addition to show- 
ing the characteristic edentate features of the girdles and 
vertebrae, they retain a mosaic of ossicles within their 
skin. Like other sloths, they are distinguished from the 
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armadillos by the reduction in the number of cheek teeth 
to four or five, and the reduction of the zygomatic arch. 
The acromion extends forward to reach the coracoid re- 
gion. Like the armadillos, the mylodontoids were strictly 
terrestrial and most were fairly large, at least the size of 
a black bear. Their forelimbs were shorter than the rear 
limbs, and their claws were subcircular in cross section 
and nearly straight. The cheek teeth were enlarged. 

The megalonychoids and megatherioids were com- 
mon and diverse in the early Miocene. The early genera 
were smaller than the mylodontoids, lacked armor, and 
had claws that were laterally compressed and curved. The 
forelimbs were nearly as long as the rear limbs. The teeth 
retained the primitive peg shape. In their small size, limb 
proportions, and claw configuration, these early genera 
resembled the modern tree sloths and they are thought to 
have been arboreal. The best-known descendants of these 
groups are the large ground sloths, including Megather- 
ium , Nothrotherium, and Megalotryx. The ancestors of 
Megalonyx extended into the Carribean and North Amer- 
ica in the late Miocene and early Pliocene (Figure 21-89). 
The genus Megalonyx evolved in North America and by 
the late Pleistocene had reached as far north as Alaska. 


The late Pleistocene genera were almost certainly terres- 
trial, but this adaptation appears to have been secondary. 
They accommodated to a renewed life on the ground in 
a manner vaguely like that of the gorilla. Their hands and 
feet were turned inward so that they would have walked 
on their outer digits. The configuration of the pelvis and 
rear limb suggests that they might have been capable of 
a semibipedal stance, which would have enabled them to 
feed from high trees like the chalicotheres (Coombs, 1983). 

The living tree sloths are very distinct from the ground 
sloths in general structure and habitus. In the modern 
genera Bradypus and Choloepus, the hands and feet ap- 
pear like hooks with which the animals can support them- 
selves upside down in trees. About 10 percent of their 
time is spent in this position. Neither genus is able to walk 
on the ground but must drag itself along during the rare 
times when it leaves the trees. Both are strictly vegetarians 
and have a complex stomach containing microorganisms 
that can break down cellulose. The body temperature in 
tree sloths is both low and irregular, ranging from 18 to 
35°C. 

The two genera are differentiated by the number of 
toes in the forelimb: Bradypus has three and Choloepus 



Figure 21-89. (a) Skeleton of the megatheroid ground sloth Nothrotherium from the Pleistocene of North America. From 

Stock, 1925. [b) Skull of Nothrotherium. From Stock, 1925. With permission of Carnegie Institution of Washington, 
(c) Skull of the modern tree sloth Choloepus. From Radinsky and Ting, 1984. 
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has only two. Bradypus has eight or nine cervical verte- 
brae, while Choleopus has five to seven and rarely eight. 

The two modern genera have long been united in a 
single family Bradypodidae. In contrast, Patterson and 
Pascual (1968) suggested that each genus might be more 
closely related to families that were common in the early 
Cenozoic than they are to each other. This suggestion was 
further elaborated by Webb (1985). He points out a num- 
ber of features in which Bradypus resembles the megath- 
erioids and Choloepus resembles the megalonychoids. 
Choloepus and megalonychoids have anteriorly displaced 
caniniform teeth that are not distinguishable in Bradypus 
and megatheroids. Both groups have reelaborated the zyg- 
omatic arch, but in different ways. Bradypus and me- 
gatherioids have a hemispherical auditory bulla, while 
Choloepus and other megalonychoids, like the primitive 
mylodontoids, lack a bulla. 

We do not think that the very similar arboreal ad- 
aptations of the two tree sloth genera evolved by con- 
vergence, but rather they reflect a common origin in prim- 
itive arboreal sloths of the late Oligocene or early Miocene, 
which lived prior to the divergence of the large terrestrial 
megatherioids and megalonychoids. 

The late Cenozoic antellian genera Synocnus and 
Acratocnus may be closely related to Choloepus. No close 
relative of Bradypus has been recognized. 

Vermilingua 

South American anteaters (Myrmecophagidae) have the 
most highly specialized skull of all xenarthrans, with a 
long snout and an exceedingly slender lower jaw with no 
trace of teeth. The zygomatic arch is lost in modern genera 
(Figure 21-90). The tongue can be extended far beyond 
the mouth and is covered by a sticky secretion to which 
the prey becomes attached. Of the three living genera, the 
arboreal Cyclopes and Tamandua have prehensile tails, a 
feature that is absent in the larger terrestrial genus Myr- 
mecophaga. 

Myrmecophagids, which appear in the fossil record 
in South America in the Santacrucian (Middle Miocene), 
show an anatomy similar to that of modern genera. Sur- 
prisingly, Storch (1981) described an even older and yet 
essentially modern appearing species from the Middle 
Eocene of Europe. The skull of Eurotamandua (Figure 
21-90 a) is very similar to those of the living genera except 
for the retention of a slender zygomatic arch. It also re- 
sembles that of African and Asian pangolins. On the basis 
of the geographical distribution of the modern genera, 
one might consider Eurotamandua as a possible pangolin, 
but the postcranial skeleton shows definite xenarthran 
features, including the second scapular spine, sutural at- 
tachment between the ilium and the caudal vertebrae, and 
extra articulating surfaces of the vertebrae, none of which 
are seen in the pangolins. The Vermilingua probably shared 
a common ancestry with sloths and armadillos, but no 
intermediates are known. 
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Figure 21-90. SKULLS OF ANTEATERS. (a) Eurotamandua from the 
middle Eocene of Europe, (b) Tamandua, a modern member of the 
Myrnecophagidae from South America, (c) Manis, an Asian pangolin. 
From Storch, 1981. 


PHOLIDOTA 

The pangolins or scaly anteaters are placed in a separate 
order, Pholidota. Pangolins are today limited to seven 
species, four in Africa south of the Sahara and three in 
southeast Asia and adjacent islands. All may be included 
in a single genus Manis, or the African species may be 
distinguished as members of the genus Phataginus (Pat- 
terson, 1978). 

Some pangolins are strictly arboreal, but most are at 
least partially subterranean. They are fully committed to 
feeding on subterranean social insects, including ants and 
termites, having completely lost the teeth and greatly re- 
duced the lower jaw. The forelimbs and hind limbs are 
stout for digging. An essentially modern-looking pangolin 
Eomanis, complete with epidermal scales, is known from 
the Middle Eocene of Europe (Storch, 1978) (Figure 21- 
91). The striking modernity of this early genus makes it 
difficult to establish its ancestry. 

In describing the only North American pangolin, the 
Lower Oligocene genus Patriomanis , Entry (1970) argued 
that they were not closely related to the xenarthrans but 
may have originated from the palaeanodonts (which are 
discussed in the next section). Patterson (1978) accepted 


560 


UNGULATES, EDENTATES, AND WHALES 



Figure 21-91. THE PANGOLIN EOMANIS FROM THE MIDDLE EOCENE OF EUROPE, (a) Skeleton. ( b ) Restoration 
(scales are preserved with the skeleton). From Storch, 1978. 


Entry’s identification of Patriomanis as a pholidotan but 
questioned its close affinities with the palaeanodonts. What 
is known of the skull is certainly much closer to that of 
Manis than to that of the palaeanodonts. Currently, there 
is no convincing evidence for the specific relationships of 
the Pholidota. The skull is strikingly convergent with that 
of the South American Myrmecophagidae, but they lack 
all the definitive xenarthran postcranial specializations. 
On the basis of biomolecular studies, Miyamoto and 
Goodman (1986) place the Pholidota close to the Car- 
nivora and Insectivora. 


PALAEANODONTS 

With the exception of the myrmecophagid Eurotamandua 
in the Eocene of Europe and the late Cenozoic migration 
of glyptodonts, ground sloths, and armadillos into North 
America, the xenarthrans were restricted to South Amer- 
ica for most of their history. The establishment of most 
of the definitive features of the order and the origin of all 
the major groups certainly occurred there, in isolation 
from the rest of the world. 

Their ultimate origin and relationship with other eu- 
therians remain unresolved. Matthew (1918) and Simp- 
son (1931, 1948) emphasized many resemblances to the 
early Tertiary North American Palaeanodonta. The best- 
known member of this group is the Eocene genus Me- 
tacheiromys (Figure 21-92). It resembles the xenarthrans 


in the loss of enamel and the reduction of the number of 
cheek teeth. The limbs are primitive but characterized by 
tuberosities which suggests that they were used in dig- 
ging. Simpson pointed out a number of features that he 
believed showed incipient development toward the xe- 
narthrous condition, including extra areas of vertebral 
articulation, a thickening of the posterior margin of the 
scapular spine, and the structure of the pelvis. None of 
these reach the stage of development of the earliest-known 
South American xenarthran, and Emry (1970) contended 
that they do not indicate close relationships. 

In any case, Metacheiromys is too late and too spe- 
cialized in the loss of all but two of the cheek teeth to be 
considered directly ancestral. The most primitive member 
of the Metacheiromyidae is Propalaeanodon from the Up- 
per Paleocene (Rose, 1979) (Figure 21-93<r). It consists of 
a lower jaw with seven teeth and a possibly associated 
humerus that suggests a digging habit. The enamel is al- 
ready all but lost and the crowns of the teeth have no 
cusps, in common with the early South American arma- 
dillos. The ramus of the jaw is also relatively slender. 

The Epoicotheriidae is a second family of palaean- 
odonts that also appears in the Upper Paleocene. The 
Eocene and Oligocene members are highly specialized as 
subterranean burrowers, showing a degree of specializa- 
tion of the skull, vertebrae, and limbs that is comparable 
to that of the African golden mole and some burrowing 
rodents (Figure 21-94) (Rose and Emry, 1983). The den- 
tition is less reduced in this group than in the Metach- 
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Figure 21-92. SKELETON OF THE EOCENE PALAEANODONT MET ACHE1ROMYS. The original was 2 meters long. 
From Simpson, 1931. 



Figure 21-93. PALAEANODONTS. (a) Lower jaw of Propalaeano- 
don in medial view, (b) Medial and (c) occlusal view of Amelotabes, 
x2. id, e, and f) Humeri of the metacheiromyids Palaeanodon and 
Propalaeanodon, and the epoicotheriid Pentapassalus, x 1. (a, b, d, e, 
and f) From Rose, 1979. { c ) From Rose, 1978. 


eiromyidae, retaining four to five cheek teeth and a fairly 
large canine. It seems possible that the otherwise isolated 
Upper Paleocene genus from China Ernanodon (Radinsky 
and Ting, 1984) may be related to the epoicotheres (Figure 
21-95). The skull superficially resembles that of some sloths 
in the presence of both upper and lower caniniform teeth, 
but the lower tooth bites in front of the canine in both 
Ernanodon and the epoicothere, as in most mammals, 
whereas it bites behind the upper tooth in the sloth. 

The early epoicotheriid Amelotabes from the Upper 
Paleocene is known from a jaw with seven cheek teeth, a 
large canine, and at least one incisor. Like that of Pro- 
palaeanodon and the early armadillos, the jaw ramus is 
slender and the coronoid process somewhat reduced. The 
cheek teeth have very thin enamel, but when the teeth 
first erupt they retain a cusp pattern that is common to 
primitive placentals. Rose (1978) pointed out similarities 



Figure 21-94. SUBTERRANEAN BURROWERS. (a and b) Skull of 
the modern African mole, x 1$. Skull of Epoicotherium in (c) dorsal 
and (d) lateral views. From Rose and Entry, 1983. 
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Figure 21-95. SKULL OF ERNANODON FROM THE LATE PALEOCENE OF CHINA, (a) Dorsal, ( b ) palatal, and 
(c) lateral views, xjf. From Radinsky and Ting, 1984. 


with pantolestids, one of the small, taxonomically isolated 
groups of early placentals that were once included in the 
Proteutheria. 

One can make a fairly strong case for the origin of 
the palaeanodonts from primitive eutherians and the sub- 
sequent divergence of the Epoicotheriidae (including Er- 
nanodon) and the Metacheiromyidae. Emry (1970) ar- 
gued strongly that palaeanodonts were closely related to 
the pangolins, but a very wide morphological gap sepa- 
rates these forms, which is further emphasized by the 
presence of an essentially modern pangolin in the middle 
Eocene. 

Close relationship of palaeanodonts with xenar- 
thrans was denied by Emry but tentatively supported by 
Rose (1979) on the basis of earlier and more primitive 
members of the Metacheiromyidae. 

Among the very limited remains of the earliest me- 
tacheiromyids, there are no features that are specialized 
so as to preclude common ancestry with the xenarthrans. 
They do show two derived features in common — great 
reduction of the enamel and specialization of the forelimb 
for digging. The high degree of specialization of the post- 
cranial skeleton in Lower Eocene armadillos and the 
presence of their armor in the Upper Paleocene suggest a 
significant period of prior evolution during the early his- 
tory of South American mammals. 

Whether the common ancestors of palaeanodonts and 
xenarthrans would be recognizable as such prior to their 
entry into South America can only be revealed by the 
discovery of fossils from the earliest Cenozoic. 

McKenna (1975) suggested that xenarthrans have no 
close affinities with any of the placentals that emerged in 
the latest Cretaceous and earliest Cenozoic. He argued 
that xenarthrans occupy a unique position as the primitive 


sister group of all other eutherians. He based this con- 
clusion on the presence of primitive characters that were 
lost in all other placentals. These characters include the 
retention of septomaxillary bones, ossified ribs that reach 
the sternum, low and variable body temperature, and 
primitive features of the reproductive system. As Novacek 
(1982) pointed out, the ossified ventral portion of the ribs 
is not a primitive feature among early placentals but is 
almost certainly a specialization of xenarthrans. 

Among living edentates, only the tree sloths have a 
low and variable body temperature, which may be at- 
tributed to their restriction to the tropics where they can 
depend on a high, nearly constant, external heat source. 
The occurrence of the sloth Megalonyx in Alaska during 
the Pleistocene brings into question whether a low, poorly 
controlled body temperature was a general feature of xe- 
narthrans. We find equally primitive features of the re- 
productive system in some living insectivores. 

The only character cited by McKenna that supports 
an early divergence of the xenarthrans is the presence of 
a septomaxillary bone in the armadillos. This bone is not 
known in the early members of the other placental orders, 
although our knowledge of the skulls of late Cretaceous 
and early Paleocene placentals is not sufficiently complete 
to demonstrate its absence with great assurance. The fact 
that armadillos, like the anteaters, have greatly elaborated 
turbinals in relationship to their highly elaborated sense 
of smell might have resulted in the retention or reexpres- 
sion of this bone adjacent to the nasal chamber. 

The question of edentate affinities was most recently 
discussed by Novacek (1986), who cites the columnar 
shape of the stapes as a particularly important primitive 
feature of both xenarthrans and pangolins that suggests 
that these groups diverged prior to all other placental 
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orders. Discovery of fossils from the late Cretaceous and 
early Tertiary that document the initial stages in the evo- 
lution of each of these groups is necessary before we can 
firmly establish the specific phylogenetic position of the 
edentates. 


The great interchange 

South America was isolated from the northern con- 
tinents from some time in the late Cretaceous to the 
late Pliocene, approximately 3 million years ago. Some 
immigration occurred during this period either from North 
America or conceivably from Africa. Gingerich (1985) 
argues that there may have been a brief period in the 
Upper Paleocene (late Tiffanian) when typically South 
American groups migrated to North America. The Arc- 
tostylopidae, Uintatheriidae and palaeanodonts, all of which 
may have affinities with South American orders, first ap- 
pear in North America at this time. However, none of 
these groups have been firmly allied with South American 
genera, and all might have entered North America from 
Asia. Primates and rodents entered South America in the 
middle Oligocene. The procyonid Cyonasua reached there 
during the late Miocene, and two groups of ground sloths 
moved north during the same time interval. 

At the end of the Pliocene, a solid land route was 
established across the isthmus of Panama, and there was 
a great interchange of mammals between North and South 
America. This interchange has been chronicled in a series 
of papers by Webb (1976, 1977, 1978), Marshall, Webb, 
Sepkoski, and Raup (1982), and Webb and Marshall (1982) 
and most comprehensively by Stehli and Webb (1985). 
The fauna of the intervening area of Central America was 
discussed in a symposium published in the Journal of 
Vertebrate Paleontology (MacFadden, 1984). 

Following the interchange, the number of genera in 
both continents increased and then returned to nearly 
their former value. At the generic level, the number of 
forms that moved north and south was comparable with 
16 southern genera going north and 23 northern genera 
moving south. However, the long-term effect on the fauna 
of the two continents was very different. The overall effect 
on North America was of little significance. The modern 
fauna includes only five southern genera, an opossum, a 
porcupine, an armadillo, and two sigmodontine rodents. 
On the other hand, more than 50 percent of the genera 
in the modern fauna of South America are descendants 
of the North American invaders. This number is strongly 
affected by the presence of some 40 genera of cricetid 
rodents that radiated in South America from northern 
immigrants but is also influenced by diverse canids, felids, 
and cervids. The most conspicuous change was the grad- 
ual decline of South American ungulates during the in- 
terchange and, finally, the extinction of the last three gen- 
era in the late Pleistocene. 
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Summary 

Nearly all medium- to large-sized placental herbi- 
vores belong to a single assemblage, the ungulates, 
which share a common ancestry among late Cretaceous 
and early Tertiary condylarths. We have not yet estab- 
lished the specific interrelationships among the many con- 
dylarth lineages. 

Artiodactyls are the most diverse ungulate order. The 
most primitive known genus, Diacodexis from the earliest 
Eocene, was the size of a rabbit, with very long slender 
limbs. Specialization for cursorial locomotion appears to 
be the prime factor in the emergence of artiodactyls. They 
radiated extremely rapidly in the Eocene, with most major 
groups appearing by the end of that epoch. Artiodactyls 
are divided into three major groups: Suiformes, including 
pigs and the hippopotamus; the Tylopoda, including cam- 
els and llamas; and the Ruminantia, including tragulids, 
giraffes, deer, antelopes, and cattle. The position of a 
number of extinct groups remains contentious. The mod- 
ern families of pigs and peccaries appeared in the early 
Oligocene, and the hippopotamus appears in the Miocene. 
Camels are known from the Upper Eocene. Ancestors of 
the ruminants are recognized in the late Eocene. The mod- 
ern families differentiated within the Oligocene, with deer, 
giraffes, and bovids appearing in the Miocene. 

Mesonychids evolved from the base of the ungulate 
assemblage but specialized their dentition to fill the role 
of large carnivores and scavengers in the Paleocene and 
Eocene. Mesonychids almost certainly share a close com- 
mon ancestry with the cetaceans. Primitive whales appear 
at the end of the early Eocene in Pakistan. Eocene ar- 
chaeocetes gave rise to the odontocetes and mysticetes by 
the early Oligocene, when both groups appear in the 
Southern Hemisphere. 

We can trace the ancestry of perissodactyls to lox- 
olophine arctocyonids at the base of the Paleocene. Hy- 
racotherium, one of the earliest-known perissodactyls, is 
distinguished from phenacodontid condylarths by the 
unique saddle-shaped astragalo-navicular articulation. The 
ancestors of horses, tapirs, chalicotheres, brontotheres, 
and rhinoceroses all diverged within the Eocene. In con- 
trast with artiodactyls, the diversity of perissodactyls de- 
creased in the later Cenozoic. 

Africa was partially isolated from the northern con- 
tinents in the early Cenozoic when a number of unique 
groups evolved, including elephants, hyraxes, and em- 
brithopods, which may be traced to Asian condylarths of 
the families Anthracobunidae and Phenacolophidae. The 
extinct aquatic order Desmostylia may have evolved from 
the elephantlike Moeritherioidea. Eocene sirenians are 
known from the margins of the Tethys Sea in northern 
Africa, Hungary, and Jamaica. The retention of five pre- 
molars suggests a very early divergence from primitive 
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cutherians rather than close affinities with African un- 
gulates. Aardvarks are known in Africa since the Lower 
Miocene, but they are thought to have evolved from the 
early condylarths without strong affinities with any of the 
other orders. 

South America was effectively isolated from other 
continents throughout the Tertiary. Early condylarths gave 
rise to a large radiation of ungulate orders that are almost, 
if not entirely, restricted to that continent; these include 
the Notoungulata, Astrapotheria, Pyrotheria, and Litop- 
terna. All may have risen from the didolodonts, which 
are closely related to the mioclaenine condylarths. The 
arctostylopids of Asia and North America may be related 
to the notoungulates. 

At the end of the Cenozoic, the South American un- 
gulate fauna became extinct, probably as a result of com- 
petition and predation from North American herbivores 
and carnivores that invaded across the Panama Land Bridge. 
A few South American rodent and edentate genera became 
established in North America, but many more North 
American forms are now present in the South. 

The xenarthrans are a second group of primarily South 
American placentals. Their affinities with other orders 
remain unresolved. We know fairly advanced armadillos 
from the late Paleocene. Both armadillos and the closely 
related glyptodonts spread into North America with the 
emergence of the Panama Land Bridge in the late Pliocene. 

Sloths appear in the late Eocene. The early genera 
were arboreal, but some retained a mosaic of ossicles 
within their skin. The modern tree sloths appear to have 
evolved separately from two groups of ground sloths: 
Bradypus from the megatherioids and Cboloepus from 
the megalonychoids. 

A member of the South American family of anteaters, 
the Myrmecophagidae, is known in Europe in the Middle 
Eocene. The ancestry of the Old World anteaters, the 
pangolins, is not known. The North American Paleocene 
and Eocene palaeanodonts may have evolved from the 
same ancestral groups as the xenarthrans, but this con- 
nection has not been firmly established. 
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Evolution 


This book has been devoted primarily to an historical 
account of the pattern of vertebrate evolution. The fossil 
record also provides the basis for establishing the nature 
of long-term processes of evolution. Knowledge of fossil 
vertebrates makes it possible to determine the rates of 
evolutionary change and evaluate what factors are in- 
volved in major adaptational changes, the evolution of 
new structures, and the origin of major taxonomic groups. 


Evolution at the 

SPECIES LEVEL 

The nature of evolutionary patterns and processes is 
currently being debated more vigorously than at any 
other time since the publication of Darwin’s The Origin 
of Species. These arguments involve both the rate of evo- 
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lution and the significance of natural selection as a de- 
termining factor. 

Darwin (1859) argued that the course of evolution 
resulted primarily from natural selection acting on vari- 
ations within populations. He believed that this process 
led to gradual and progressive changes that could account 
for all organic diversity. 

Mendelian and population genetics have since pro- 
vided knowledge of the way in which variability is in- 
herited and a means for establishing the relative signifi- 
cance of mutation rates, selection coefficients, and 
population size in determining the direction and rate of 
evolution. Fisher (1930), Wright (1931), Dobzhansky 
(1937), Huxley (1942), Mayr (1942), and Simpson (1944, 
1953) integrated this information with knowledge of the 
fossil record to establish a comprehensive or synthetic 
theory that has dominated evolutionary thought since the 
1940s. The modern evolutionary synthesis has since in- 
corporated the recent advances in molecular biology but 
still emphasizes the role of selection acting at the popu- 
lation level initially elaborated by Darwin (Dobzhansky, 
Ayala, Stebbins, and Valentine, 1977; Stebbins and Ayala, 
1981; Mayr, 1982). 


PHYLET1C EVOLUTION AND 
PUNCTUATED EQUILIBRIUM 

Most detailed studies of evolutionary processes have been 
carried out in the laboratory and through field studies of 
modern populations. In rapidly reproducing species, lab- 
oratory studies may involve hundreds of generations and 
field studies may cover several decades of observations. 
At these time scales, biologists can show that selection is 
significant in producing progressive change in allele fre- 
quencies of characters that are important for the survival 
of populations under differing environmental conditions 
(Endler, 1986). Well-established examples include the 
spread of alleles for dark pigmentation among moths in 
industrial areas of Europe during the past 150 years and 
differing frequencies of alleles for color patterns in the 
snail genus Cepaea, which lives in a variety of environ- 
ments that are subject to seasonal change ( Biological Jour- 
nal of the Linnean Society, nos. 3 and 4, 1980). 

Observations from contemporary populations have 
been extrapolated to longer time scales, and most text- 
books argue that evolution over millions and tens of mil- 
lions of years probably followed a pattern of gradual, 
progressive change. Evidence from the fossil record, es- 
pecially that of marine invertebrates, appears to show a 
much different pattern. Eldredge and Gould (1972) pointed 
out that there are very few adequately documented cases 
among fossil invertebrates in which species undergo sig- 
nificant change through time. Most common species ap- 
pear to retain a particular morphological pattern for mil- 


lions of years without significant change. When change 
does occur, it appears to require only a relatively short 
period of time compared with the total longevity of the 
species. 

Eldredge and Gould coined the term punctuated equi- 
librium to describe a pattern of evolution in which most 
change occurs extremely rapidly at the time of the initi- 
ation of new species, while most of their history passes 
with very little change (Figure 22-1 a). This pattern has 
been further discussed in a series of subsequent papers 
(Gould and Eldredge, 1977; Eldredge, 1984, 1985; Stan- 
ley, 1975, 1981, 1982; Eldredge and Stanley, 1984b; Gould, 
1980, 1982a, b). 

Most biologists consider that evolutionary change 
has two components — phyletic evolution and speciation. 
Phyletic evolution (also termed anagenesis) is the process 
envisaged by Darwin in which a single lineage changes 
over time, gradually becoming so distinct that ancestral 
and descendant portions of the lineage are recognized as 
different species (Figure 22-16). Darwin believed that this 
process could also account for the origin of higher cate- 
gories — families, orders, and classes. Although new spe- 
cies may be produced through phyletic evolution, the term 
speciation is applied to a distinct process in which a single 
species divides into two lineages that become reproduc- 
tively isolated from one another. Phyletic evolution ac- 
counts for change, but the process of speciation (or cla- 
dogenesis) is necessary to explain the diversity of organisms. 

Neither Darwin nor most authors of the modern syn- 
thesis emphasize speciation as a particularly important 
factor in accounting for progressive morphological change. 
In contrast, Eldredge, Gould, and Stanley, who find little 
evidence for significant modification within species, argue 
that speciation plays a dominant role in evolutionary 
change. 

If one could demonstrate that most species change 
very little for most of their history but retain an essentially 
static morphology, it would imply a very different pattern 
of long-term evolution than that envisaged by Darwin 
and accepted by most modern biologists. 

The work of Eldredge, Gould, and Stanley has pro- 
vided a great impetus for reevaluation of evolutionary 
patterns in many groups of organisms (Bergren and Casey, 
1983; Cope and Skelton, 1985). The fossil record of ver- 
tebrates has the potential to test this hypothesis, while 
providing additional insights into other evolutionary pro- 
cesses. 


THE NATURE OF THE FOSSIL RECORD 

It would seem a simple matter to establish whether species 
change progressively or remain stable for long periods of 
time. In fact, only rarely are geological processes suffi- 
ciently regular and continuous to lead to the preservation 
of numerous fossils that are evenly distributed throughout 
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Figure 22-1. (a) The pattern of evolution termed "punctuated equilib- 

rium” by Eldredge and Gould, in which most morphological change 
occurs during the process of speciation and most of the duration of a 
species is characterized by stasis. From Stanley, 1979. ( b ) The pattern 
of morphological change termed “phyletic evolution,” as envisaged by 
Darwin, in which gradual change occurs throughout the duration of a 
species. From Moore, Lalicker, and Fischer, 1952. With permission of 
McGraw-Hill Book Company. 

the time range of species. Most fossiliferous horizons re- 
cord only an extremely short period of time and are sep- 
arated by long gaps from other productive zones. Because 
of this problem, few paleontologists have been concerned 
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with change within species and most simply assumed that 
it followed the pattern hypothesized by Darwin. 

One of the major reasons for the continuing debate 
regarding the rates and patterns of evolution is certainly 
the incompleteness of the fossil record. In Darwin’s time, 
no evolving sequences had been discovered. At the present 
time, the fossil record provides a good framework of ev- 
olutionary patterns, but significant gaps remain between 
many of the major groups and between most well-known 
species and genera. Where dating is possible, most dep- 
ositional sequences show significant gaps (Dingus and 
Sadler, 1982; Schindel, 1982; Dingus, 1984), which may 
give the impression of sudden appearance of taxa but 
provides no evidence of evolutionary rates or processes. 
This problem is clearly evident even in the best-known 
and most thoroughly studied sequences of Cenozoic mam- 
mals (Gingerich, 1977, 1982). The problem of gaps is 
particularly evident in the fossil record of Mesozoic mam- 
mals (see Figure 18-14), but we should recognize that a 
similar, if less extreme, condition holds for all Mesozoic 
tetrapods. The problems are even greater in the Paleozoic, 
where most species and genera are reported from only a 
single locality (Carroll, 1977, 1984). Such a record does 
not demonstrate anything about evolutionary processes 
at the level of the genus and species. 

There are exceptions. In some lake deposits, sedi- 
mentation has been extremely regular, recording what 
appear to be yearly or seasonal sequences. A notable ex- 
ample is provided by the lakes of the Newark supergroup 
in the late Triassic and early Jurassic of eastern North 
America (McCune, Thomson, and Olsen, 1984). In in- 
dividual basins of deposition, each year of sedimentation 
may be recorded, but the total time interval for each lake 
is only about 20,000 years. There is little evidence of 
gradual, progressive evolution in these lakes, but this may 
be attributed to the relatively short length of the total 
cycle or the lack of sediments from the earliest horizons, 
when the original colonization and adaptation would have 
occurred. Bell, Baumgarten, and Olson (1985) described 
gradualistic patterns of evolution in six characters of the 
three-spined stickleback, Gasterosteus doryssus, over a 
period of approximately 110,000 years in a middle-to- 
late Miocene saline lake in Nevada. 

The fossil record is incomplete in space as well as 
time. In modern species, clinal variation is well docu- 
mented in many wide-ranging species that occur in areas 
with progressively changing environmental conditions 
(Endler, 1977). There are few individual fossiliferous areas 
that are so extensive as to demonstrate geographical vari- 
ation. The fossil record may include deposits of similar 
ages in different continents, but rarely are there enough 
intervening deposits known to document clinal variation. 

Even in well-documented sequences, species and gen- 
era commonly appear suddenly in the fossil record. This 
pattern may be attributed to sudden evolution within the 
area being sampled, but it can almost always be accounted 
for by migration from some other part of the world. 
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The rarity of relatively complete stratigraphic se- 
quences makes it difficult to document the nature of ev- 
olutionary change within species. On the other hand, it 
should be possible to demonstrate long-term stasis even 
if the stratigraphic record is relatively incomplete. How- 
ever, even this requires relatively complete fossil remains. 

In addition to the total absence of evidence from 
many horizons and geographical areas, the fossils that are 
known are often very incomplete. Among mammals, a 
single tooth may be sufficient to document the occurrence 
of a species, which explains the apparently excellent re- 
cord of late Cenozoic mammals (Kurten, 1968; Kurten 
and Anderson, 1980). However, such scanty evidence is 
not sufficient to demonstrate evolutionary rates. The re- 
mainder of the skeleton from different horizons or local- 
ities may differ dramatically or not at all. 

A particularly important bias of the fossil record is 
expressed against organisms that are rare and/or geo- 
graphically restricted. There is obviously a direct corre- 
lation between the total numbers, longevity, and geo- 
graphical distribution of species and the likelihood of their 
being represented in the fossil record. Most fossils that 
are known were probably members of species that were 
common, widespread, and long-lived. Eldredge, Gould, 
and Stanley, as well as Mayr (1982), have argued that 
evolutionary change is most likely to occur through rapid 
change within small, geographically isolated populations. 
If this thesis is correct, the most important portion of the 
biota for establishing the patterns and processes of evo- 
lution is the least likely to be represented in the fossil 
record. 

In order to establish evolutionary patterns and rates 
at the species level, some requirements must be met: 

1. The sedimentary record must be relatively con- 
tinuous, with gaps of no more than 10,000 to 
20,000 years. 

2. The total sequence must be fairly long, probably 
in excess of 100,000 years. 

3. The sequence must be adequately dated, ideally 
by radiometric methods. 

4. If one is attempting to establish change within a 
species, the entire species range should be repre- 
sented. This can be established only if both an- 
cestral and descendant species are known in the 
same geographical area. 

5. The geographical range of the species should also 
be known with some assurance. 

6. Ideally, a significant proportion of the skeletal 
anatomy should be known. 

Not surprisingly, these conditions are almost never 
completely met. Only under exceptional circumstances is 
it possible to measure evolutionary rates at the species 
level, so as to test empirically the hypothesis elaborated 
by Eldredge, Gould, and Stanley. 
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EVIDENCE FROM THE FOSSIL RECORD 

Because of the importance to evolutionary theory of es- 
tablishing whether or not significant change does occur 
within species, numerous studies have been carried out in 
recent years. The difficulty of analyzing data from the 
fossil record is illustrated by a series of studies of fossil 
hominids from the Pliocene and Pleistocene. Using essen- 
tially the same information, Rightmire (1981) concluded 
that there was almost no change in the size of the braincase 
within the species Homo erectus, while Cronin and his 
colleagues (1981) concluded that there was progressive 
change from Australopithecus to Homo sapiens. Wolpoff 
(1984) undertook a further study of Homo erectus. From 
analysis of 13 characters of the skull and lower jaw, he 
concluded that they showed a variety of different rates, 
but most exhibited gradual and progressive change linking 
Homo habilis and Homo sapiens. 

The most detailed and extensive study, which was 
designed specifically to test the model of punctuated equi- 
librium among fossil vertebrates, is that of Gingerich (1976) 
in the early Cenozoic of the Big Horn Basin in the Western 
United States. The genera Hyopsodus, Haplomylus, and 
Pelycodus have a rich fossil record in the Lower Eocene 
Willwood Formation, where approximately 3.5 million 
years of deposition are represented by 1500 meters of 
fluvial sediments. Morphometric analysis of molar teeth 
demonstrates both phyletic evolution and speciation. All 
three genera are known from sequential series of species 
showing gradual increase in size over time. Most of the 
species had previously been recognized on the basis of a 
few, clearly distinct specimens from widely separated ho- 
rizons. Study of hundreds of specimens from intervening 
levels demonstrated several continuous morphological se- 
ries that can be divided into separate species only arbi- 
trarily (Figure 22-2). 

Divergence of lineages over time is observed in both 
Felycodus and Hyopsodus. Evidence from a single geo- 
graphical area makes this appear like sympatric specia- 
tion. Mayr (1963) emphasized that speciation almost al- 
ways requires geographical isolation of populations over 
a significant period of time. We may assume that these 
fossils record a later period of evolution, subsequent to 
allopatric speciation, when the species had again come 
into contact. The morphological divergence can be at- 
tributed to selection pressure for changes that enabled 
them to coexist without having to compete for the same 
resources. 

The geographical ranges of the fossil species studied 
by Gingerich were almost certainly much larger than the 
localities in which their remains were found. Populations 
of a species may have been isolated in other areas for 
thousands or tens of thousands of years and then reap- 
peared in the same area as the parent species. The time 
required for the development of mechanisms to promote 
reproductive isolation may have been shorter than the 
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Figure 22-2. STRATIGRAPHIC RECORD OF EARLY EOCENE HYOPSODVS IN NORTHWESTERN 
WYOMING. Figure shows variation and distribution of tooth size in samples from many levels spanning 
most of the early Eocene. Specimens come from localities at approximately 6-meter intervals in or near a 
measured stratigraphic section totaling about 500 meters in thickness. The small species Hyopsodus loomisi 
became larger gradually through time, until it differed sufficiently to be recognized as a different species H. 
latidens. H. “simplex” was another early species derived from H. loomisi. H. latidens apparently gave rise to 
both H. minor and H. miticulus, which in turn gave rise to H. lysitensis and H. powellianns. Note the regular 
pattern of divergence in tooth size (and by inference body size) in pairs of sympatric sister lineages. From 
Gingericb, 1976. 


intervals recorded in the sedimentary record or led to little 
morphological change. 

The rate of evolutionary change for specific charac- 
ters in diverging species does not appear higher than that 
for characters changing within a single lineage. In these 
examples, speciation does not appear to introduce factors 
of morphological change that are different from those that 
occur through phyletic evolution (Gingerich, 1982). 

Additional work by Gingerich (1980) in a wider area 
of western North America that combines both late Pa- 
leocene and early Eocene sediments deposited over ap- 
proximately 12.5 million years documents 24 species that 
have arisen by phyletic evolution and 14 cases in which 
species appear suddenly in the fossil record; the latter 
events are attributed to immigration. We should note that 
not all species showed progressive change; some did ex- 
hibit stasis for variable periods of time (see also West, 
1979). 

Unfortunately, there are inherent limits to the degree 
of resolution in fluvial sediments from which come most 
fossils of Cenozoic mammals. Gingerich (1982) observed 
that sedimentation does not provide a consistent record 
over intervals of less than 5000 to 6000 years duration. 
Lake deposits have the potential for analysis of changes 
occuring from year to year, although their total duration 
is usually much shorter than the average longevity of in- 


dividual species (McCune, Thomson, and Olsen, 1984; 
Bell, Baumgarten, and Olson, 1985). 

At a higher taxonomic level, Rose and Brown (1984) 
documented evidence of progressive change between gen- 
era on the basis of over 600 specimens of primates col- 
lected from a 700-meter-thick sequence representing ap- 
proximately 4 million years of the Eocene. One example 
is provided by marked changes in the dentition between 
Tetonius homunculus and Pseudotetonius ambiguus (Fig- 
ure 22-3). There is no evidence of a change in evolutionary 
rate across the transition; it is smoothly gradational. Nu- 
merous character changes were noted, not all of which 
were synchronous. 

Other well-documented examples of progressive 
morphological change within species and genera are pro- 
vided by Hiirzeler (1962, mid-Cenozoic rabbits), Chaline 
and Laurin (1986, Plio-Pleistocene rodents), Fahlbusch 
(1983, Miocene rodents), Harris and White (1979, Af- 
rican suids from the Plio-Pleistocene), MacFadden (1985, 
hipparion horses), and Krishtalka and Stucky (1985, early 
Eocene artiodactyls). Harris and White (p. 89) observed: 
“Many changes in size and morphological attributes in 
the various suid taxa appear to conform to simple Dar- 
winian directional selection processes resulting in grad- 
ualistic change in population means and ranges through 
time.” 
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Figure 22-3. GRADUAL EVOLUTION OF ANTERIOR LOWER 
DENTITION. From the Tetonius homunculus— P. amhiguus lineage from 
the Central and Southern Bighorn Basin. Stages in the transition are 
arbitrarily delimited by slight morphological differences and/or intervals 
with little or no data, and each is a composite dentition (M 2-3 omitted). 
Based on all known material from the indicated interval. From Rose 
and Bown, 1984. Reprinted by permission from Nature. Copyright 
1 984, Macmillan Journals Ltd. 


LONGEVITY OF SPECIES AND GENERA 
AS A MEASURE OF EVOLUTIONARY RATES 

For most species, accurate establishment of rates and pat- 
terns of morphological change is not possible on the basis 
of the current knowledge of the fossil record. For this 
reason, Gould, Eldredge, and Stanley attempted to deter- 
mine evolutionary rates on the basis of published data on 
the longevity of genera and species. Stanley (1982) accepts 
an average species longevity of Cenozoic mammals of 2 
to 3 million years and an average longevity of 8 million 
years for genera. These data are based primarily on Romer 
(1966), Van Valcn, (1973), Kurten (1968), and Kurten 
and Anderson (1980). Stanley assumed that the recog- 
nition of species and genera depends on their morpho- 
logical stability through time. If genera and species do 
not undergo change during their recognized longevity, 
evolution can only have occurred during the short, un- 
recorded intervals between species and genera. 

This interpretation of these data appears to dem- 
onstrate punctuated equilibrium at the level of the genus 
and species for the Class Mammalia throughout the Cen- 
ozoic. In fact, it simply reflects the conventions of clas- 
sification. 

All identifiable fossils must be placed in one species 
or another. There is no formal way to indicate the position 
of specimens that are intermediate between the typical 


members of two related species. For the purpose of clas- 
sification, all biological information is digitized. This pro- 
cedure has led to a generally useful system of classifica- 
tion, but it cannot reflect gradual evolutionary change. It 
is inevitable that Stanley would find a punctuational pat 
tern on the basis of the Linnean classification of Cenozoic 
mammals. 

The problems of using taxonomic units to demon- 
strate a pattern of punctuated equilibrium is graphically 
illustrated by Stanley’s comments on evolution within the 
family Elephantidae, based on the work of Maglio (1973). 
Stanley states (1981, p. 100): “What stands out in the 
phylogeny of the elephants is a pattern strongly indicative 
of punctuated evolution. All three advanced genera de- 
scended from the ancestral genus Primelephas , and all 
three appear abruptly and almost simultaneously in the 
fossil record.” This observation appears to have been based 
on Maglio’s phylogeny, which is reproduced here in Fig- 
ure 22-4. 

It may be noted that the “sudden” appearance of the 
genera Loxodonta, Elephas, and Mammuthus occurs after 
a 500,000-year gap in the fossil record. Maglio (1973, p. 
64) clearly viewed the differences between the early mem- 
bers of these lineages as being at the level of the species: 
“ Primelephas was succeeded by three species, each at the 
base of a distinct phyletic complex. For this reason they 
have been placed in three genera, Loxodonta, Elephas 
and Mammuthus .” The generic distinction is made for 
the sake of taxonomic convenience and does not dem- 
onstrate major morphological differences. It is clear from 
the text and several illustrations showing changes in den- 
tal features that the three generic lineages diverged from 



Figure 22-4. PHYLOGENY OF THF. ELEPHANTINAE. Generic ab- 
breviations: E — Elephas; L — Loxodonta; M — Mammuthus; P — Pri- 
melephas; S — Stegotetrabelodon. Vertical alignment of chronospecies 
depicts apparent phyletic transition. From Maglio, 1973. 
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a common morphological pattern represented by the pu- 
tative ancestor Primelephas. 

The subsequent evolution of the three genera illus- 
trates different patterns. The early species of Loxodonta, 
L. adaurora, shows little change over a period of 2 million 
years. In general, the dentition of Loxodonta is very con- 
servative, but the length of the lower jaw is much reduced 
within the span of the genus. Within the genus Elephas, 
species demonstrate continuous change over a period of 
4.5 million years. Maglio (1973, p. 81) stated: 

Elephas recki is the best known species of Elephas 
from Africa; it can be traced through a progressive 
series of stages from an early form in the middle 
Pliocene of Kikagati to a rather progressive form in 
the middle Pleistocene of Bed IV at Olduvai Gorge. 

These stages pass almost imperceptibly into each 
other, as can be seen in the successive populations 
known from Kaiso, Omo, Laetolil, Koobi Fora and 
llleret, Ouadi Derdemi, Olduvai, Kanjera and Olo- 
gesailic, among others. The molar teeth show pro- 
gressive increase in the number of plates, their rel- 
ative height and spacing, reduction in enamel 
thickness, increased folding of enamel and loss of 
the median loop on the wear figures. The skull shows 
all of the modifications already begun in E. eko- 
rensis but here they are developed even further. On 
stratigraphic and faunal evidence the earliest stage 
of E. recki (Kikagati) would have been later than 
the latest record of E. ekorensis. At present, a direct 
phyletic relationship between E. ekorensis and E. 
recki seems certain. 

In the late Pleistocene of Africa a more pro- 
gressive elephant appears which I retain as a distinct 
species, Elephas iolensis, only as a matter of con- 
venience. Although as a group, material referred to 
£. iolensis is distinct from that of E. recki, some 
intermediate specimens are known and £. iolensis 
seems to represent a very progressive, terminal stage 
in the E. recki specific lineage. 

Attention to anatomical detail, rather than to tax- 
onomic designation, shows that the elephants provide ex- 
cellent evidence of significant morphological change within 
species, through species within genera, and through gen- 
era within a family. 

Clearly, it is not possible to estimate rates of mor- 
phological change on the basis of the longevity of genera 
and species as those data are usually presented. The rate 
of morphological change can only be established through 
detailed study of unusually complete fossil sequences. There 
is considerable evidence from Tertiary mammals that sig- 
nificant change does occur during the duration of species, 
as they are typically recognized, and this change can ac- 
count for the emergence of new species and genera. 

There are no cases among vertebrates that clearly 
document extremely rapid evolution from one species to 
another, although most transitions are without an ade- 
quate fossil record. 
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The most misleading aspect of this debate is the as- 
sertion that evolutionary rates have been predominantly 
either gradual or punctuated. As these terms are used by 
Eldredge, Gould, and Stanley, one is presented with a 
choice between two extremes — either evolutionary change 
is slow and continuous (a gradual process at a constant 
rate) or evolutionary rates alternate between very short 
episodes of rapid change and long periods of stasis. There 
is no evidence from the study of modern populations or 
the fossil record of vertebrates that evolutionary rates 
conform to any such stereotyped patterns. 

One of the most obvious features demonstrated by 
the fossil record is that the rate of evolutionary change 
has been extremely irregular at all taxonomic levels. Simp- 
son (1944) coined the terms bradytely, horotely, and tach- 
ytely to refer to slow, medium, and rapid rates of evo- 
lution and elaborated the concept of quantum evolution 
for extremely rapid shifts between one adaptive zone and 
another. 

As study of the fossil record is concentrated on smaller 
and smaller time units, it is possible to measure rates of 
change both within and between species that reveal a 
similarly broad spectrum of rates at the species level (Gin- 
gerich, 1982; Maglio, 1973; Wolpoff, 1984). 

The writings of Gould, Eldredge, and Stanley em- 
phasize the consistency of evolutionary patterns at the 
level of the species as if most of the characters of the 
species were evolving at the same rate. As Wolpoff (1984) 
emphasized in the case of the genus Homo, various char- 
acters are evolving at significantly different rates. This is 
a common feature throughout the history of vertebrates. 
It is clearly evident among the common ungulates of the 
northern continents. As was outlined in Chapter 21, rates 
of evolution are different for cranial features, the denti- 
tion, and locomotor apparatus within single lineages, be- 
tween different lineages, and at different times within a 
single lineage. 

If a single word is to be used to describe evolutionary 
rates, it is certainly neither gradual nor punctuational, but 
irregular or opportunistic. 

QUANTITATIVE MEASURES OF 
EVOLUTIONARY RATES 

It may eventually be possible to clarify this problem by 
more extensive quantitative comparison of rates. Haldane 
(1949) established the darwin as a unit for measuring 
evolutionary change. A darwin id) is defined as a change 
by a factor of e per million years, where e is the base of 
natural logarithms. The logarithmic scale is appropriate 
since proportional rather than absolute change is of in- 
terest. 

Gingerich (1983) emphasized that the apparent rate 
of evolution differs significantly over different time ranges. 
A rate of approximately 0.1 darwin is common for fossil 
vertebrates measured over a period of approximately 1 
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million years (for example, the early Tertiary mammals 
studied by Gingerich, 1982, and fossil hominids studied 
by Wolpoff, 1984). For change over a 10-million-year 
period, Gingerich calculates that the average rate is close 
to 0.02 d. Measures of change during the Pleistocene gla- 
ciation average close to 4 d, and for historical coloniza- 
tion, approximately 400 d. At this rate, a mouse could 
give rise to an elephant in 10,000 years. He cites rates up 
to 60,000 darwins for changes resulting from laboratory 
selection experiments. These situations are unnatural from 
the standpoint of selection, but they demonstrate the ge- 
netic potential for extremely rapid change. 

These drastically different rates result from averaging 
factors over long periods of evolution. In living species, 
the frequency of alternative polymorphic traits may change 
dramatically during a single season as a result of envi- 
ronmental changes (many examples are discussed in the 
Biological Journal of the Linnean Society, Vol. 14 (3 and 
4), 1980). Averaged over several years, the frequencies 
remain essentially constant. Size change is common in 
many groups and may be rapid for short periods of time, 
but it will appear much slower if periodic increases and 
decreases are averaged over longer periods. A particular 
structural feature, like the astragalus of perissodactyls, 
may change significantly over a period of less than 5 mil- 
lion years and then remain essentially unaltered for 55 
million years. The rate of change will appear much slower 
if it is measured over the whole time span of the order. 

Evolutionary rates that have been measured for the 
Pleistocene (Kurten, 1959) are far faster than most of the 
changes that are seen in the earlier fossil record and would 
account for the most rapid morphological transforma- 
tions that have occurred in the emergence of new groups. 

Objective measures of change in complex shapes have 
been described by Benson and his coauthors (1982) and 
Bookstein and his coworkers (1985) but have not yet been 
widely applied to the fossil record. 

One of the most pervasive problems in appreciating 
the rates of evolution is the difference of scaling. As May- 
nard-Smith (1981) pointed out, what would appear as a 
gradual change to a population biologist working with 
the modern fauna would appear to a paleontologist as an 
instantaneous event occurring over such a short interval 
of time that it would not be represented in the geological 
record. All the changes that occurred as a result of the 
domestication of plants and animals during human his- 
tory occurred in a time interval too short to be recorded 
in most sedimentary sequences. 

It should also be emphasized that nearly all published 
measures of the rates of evolution refer to a small number 
of characters and may not be representative of the entire 
organism. Molecular evidence suggests that only a very 
small portion of the genome is concerned with anatomical 
change. This is demonstrated by the findings of King and 
Wilson (1975) that the amino acid sequence of 12 varied 
proteins differ by only 1 percent between humans and 
chimpanzees. 
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Macroevolution 

It is fairly simple to envisage directional selection 

resulting in changes at the species level and speciation 
leading to the proliferation of distinct species within gen- 
era — for example, the emergence of the modern felid and 
canid species from ancestral members of these families. 
Even the evolution of hominids from earlier, apelike forms 
seems to be a fairly simple process conceptually. 

On the other hand, it is much more difficult to imag- 
ine evolution between groups with significantly different 
ways of life. The differentiation of groups as distinct as 
the carnivores, primates, cetaceans, and bats from a com- 
mon ancestor seems to require quite different mecha- 
nisms. 

A distinction has long been recognized between these 
processes, which is emphasized by the terms microevo- 
lution and macroevolution. 

It has been repeatedly suggested that special factors 
that are not evident at the species level are responsible for 
macroevolutionary events. The most recent mechanism to 
be emphasized is that of species selection, which Stanley 
(1975, 1979, 1981) proposed and Gould and Eldredge 
have supported. The claim by these authors that evolu- 
tionary processes differ between species and higher tax- 
onomic levels is emphasized by their belief that little change 
occurs within species. 

SPECIES SELECTION 

The term species selection may be applied to any process 
that produces differential survival among a number of 
species that descended from a common ancestor. It may 
result from the greater longevity of individual species or 
from different rates of speciation. According to Eldredge, 
Gould, and Stanley, groups that are capable of rapid spe- 
ciation will have a greater capacity for morphological 
change and an enhanced chance for long-term survival. 

They contend that selection operates among species 
much as other biologists have argued for the importance 
of natural selection at the level of individuals within a 
species. It is logical to think that selection acts on a series 
of species and leads to the extinction of some and the 
survival of others. The characters of the successful species 
are perpetuated, just as are those of the successful indi- 
viduals under Darwinian selection. 

It is much more difficult to accept the further as- 
sumption that rapid, progressive morphological change 
can be attributed to selection among species. We will first 
examine this process where only a single character is in- 
volved. Several related species may have different numbers 
of vertebrae and selection may favor the species with the 
most. Subsequent speciation will occur in the surviving 
lineage with the most vertebrae. Further speciation and 
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subsequent selection will increase both the number of 
vertebrae in each species and the number of species with 
higher vertebral number. 

On the other hand, similar results can be achieved 
by individual selection within species. If, as is certainly 
the case, vertebral number is variable and inherited and 
a higher vertebral number is advantageous in certain cir- 
cumstances, the number of individuals with higher ver- 
tebral numbers will increase. Following speciation, there 
will be a larger number of species with higher vertebral 
numbers. Variability, selection, and speciation occur in 
both models but in different sequences. In the Darwinian 
model, variation occurs within populations and species. 
Since there are thousands or tens of thousands of indi- 
viduals within species, the chance for advantageous var- 
iants to occur is quite high. If variation is only considered 
to be of importance between species, the changes of the 
appearance of new advantageous variants must be gov- 
erned by the number of new species. The relative amount 
of variability that will be available according to the two 
models is roughly proportional to the difference in num- 
bers between individuals within species and the number 
of species. As an added quantitative factor, the time re- 
quired for the origin of new species is four or five orders 
of magnitude greater than the generation time of individ- 
uals within species. 

This problem becomes much more significant if we 
consider all the anatomical characters that may be 
undergoing evolutionary change within a lineage. For ex- 
ample, the evolution of advanced hominids involves fea- 
tures of the dentition, size and configuration of the cranial 
vault, the facial area, vertebral column, hands, pelvis, and 
rear limbs. Change in any one of these characters might 
be attributed to species selection, but to account for all 
of them evolving independently but at the same time would 
require an extremely large number of coexisting species. 

The fossil record in the late Cenozoic is certainly 
sufficiently complete to demonstrate that most mammal- 
ian groups have never included the vast number of con- 
temporary species that would be necessary for the process 
of species selection to lead to continued progressive mor- 
phological change. Other arguments regarding species se- 
lection are elaborated by Charlesworth and his colleagues 
(1982), Maynard-Smith (1983), and Gilinsky (1986). 

Species selection may be important in a few particular 
circumstances (as outlined by Stanley in 1982), but it 
cannot be considered a probable cause of progressive change 
in most vertebrate groups. 

Eldredge, Gould, and Stanley also suggest that there 
are aspects of the speciation process itself that facilitate 
rapid change. This argument had previously been made 
by Mayr (1954, 1963, 1970, 1982). He proposed that 
rapid change is much more likely to occur in small pop- 
ulations restricted to limited geographical areas than in 
large, widespread species. Environmental differences within 
small areas are likely to be limited, so that it is not nec- 
essary for the population to retain a wide range of alter- 
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native alleles to cope with geographically variable con- 
ditions. In small, isolated populations, inbreeding will lead 
to homozygosity, so that recessive as well as dominant 
traits will commonly be exposed to selection. We can 
expect directional selection to operate much more rapidly 
under these conditions than it does in widespread species 
with large population sizes. Population isolation can be 
considered a prelude to speciation. 

It is generally accepted that speciation among ver- 
tebrates requires a significant period of geographical sep- 
aration between populations during which time they de- 
velop physical and behavioral characters that preclude 
interbreeding if they subsequently inhabit the same geo- 
graphical area. If newly formed species become second- 
arily sympatric, they may compete strongly with one an- 
other for the same resources. If they are to survive in the 
same geographical area, they must diverge behaviorally 
and/or physically so that they can take advantage of dif- 
ferent resources. 

Natural selection can thus be expected to act espe- 
cially strongly during speciation, first when the incipient 
species are represented by small, isolated populations and 
later, if they subsequently become sympatric. 

These processes may occur over only a very short 
period of time relative to the total longevity of a species 
and would thus produce a punctuated pattern in the fossil 
record. These processes explain the clear distinction we 
see between contemporary species, but it is difficult to 
understand how they can account for the major structural 
changes that typify vertebrate evolution. 

Mayr (1982) and Gould (1982b) both argued that 
speciation in some way releases inherited genetic and de- 
velopmental constraints so that, for a short time subse- 
quent to speciation, species are much more susceptible to 
significant change through natural selection. No specific 
mechanism has been proposed to account for this process, 
and the fossil record of vertebrates does not demonstrate 
its occurrence. Many of Mayr’s arguments are challenged 
by Barton and Charlesworth (1984). 

Species selection and other theories of macroevolu- 
tion have been proposed because of the perceived differ- 
ences between changes at the species level and larger-scale 
evolutionary events. 

We can recognize at least three different aspects of 
macroevolution: 

1. The origin and radiation of major taxonomic 
groups. 

2. The evolution of distinct new structures or phys- 
iological processes. 

3. Major adaptive shifts. 

These features may or may not be correlated in time. 
Macroevolutionary events may appear to be relatively 
rapid, although they are frequently associated with a sig- 
nificant gap in the fossil record. 


578 


We may look at each of these aspects separately and 
consider whether they can be understood on the basis of 
what we know of evolution at the species level. 

THE ORIGIN OF MAJOR 
TAXONOMIC GROUPS 

Most species may be grouped into a relatively small num- 
ber of higher categories. Among placental mammals there 
are some 30 orders, most of which include several fam- 
ilies. If one accepts that they are natural (monophyletic) 
groups, does this mean that special evolutionary processes 
are necessary to account for their origin? 

Taxonomic procedures play a very important role in 
how we look at evolution. Linnean systematics is basically 
a hierarchical system. Species are grouped in genera, gen- 
era into families, families into orders and so on. This 
system leads to the impression that species in different 
categories differ from one another in proportion to dif- 
ferences in taxonomic rank. Species in different families 
are presumed to be more different than species of different 
genera, species of different orders are more different than 
species of different families, and so on. This impression 
may be correct if we consider only members of the modern 
fauna, but it is clearly not so at the beginning of a major 
radiation. As more and more emphasis is placed on ver- 
tical or cladistic classification and as the fossil record 
improves, it will potentially be possible to allocate pop- 
ulations within a single species to different genera and 
even families or orders of descendant forms. There are 
already some instances among Cenozoic mammals where 
such subdivisions of ancestral species may be possible. 
Wilson (1971) described progressive evolution among 
primitive selenodont artiodactyls in which populations of 
early species give rise successively to members of different 
genera and different families. 

The largest-scale radiation that is relatively well doc- 
umented is that of the latest Cretaceous and early Paleo- 
cene ungulates, in which as many as 16 orders differen- 
tiated within 2 to 3 million years from a single family of 
early condylarths (Van Valen, 1978). As yet, we know 
little of these animals except their dentition, but the pat- 
tern of radiation is not refuted on the basis of much more 
complete skeletal remains from later in the Cenozoic. 

What we see in the fossil record of these ancestral 
groups is not obviously different from the pattern of ra- 
diation within many other families during the Cenozoic 
in terms of the pattern of variation and speciation. The 
most significant factor is that many of the species and 
genera went on to subsequent periods of radiation that 
are recognized as distinct families and orders. At the level 
of individuals and species, the evolution of the early con- 
dylarths does not seem significantly different from typical 
microevolutionary events. The differences are not in the 
species themselves, but rather in what opportunities there 
were for their descendants. 
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Van Valen did note that the rate of generation of 
new taxa was considerably faster than the average for the 
Cenozoic, but this difference can be associated with the 
very low number of initiating lineages and the almost total 
absence of competition. 

The subsequent radiation of successful ungulate or- 
ders such as the artiodactyls and perissodactyls in North 
America and the notoungulates in South America follow 
comparable patterns, as described by Krishtalka and Stucky 
(1986), Radinsky (1966), and Simpson (1948, 1967). Fea- 
tures that are initially variable within species become sta- 
bilized and amplified and come to be recognized as char- 
acters of families and orders. 

If we examine evolutionary events at the level of 
populations and species, there is no phenomenon that can 
be associated with the origin of genera or other higher 
categories. The processes leading to speciation are no dif- 
ferent whether the daughter species become extinct or give 
rise to a new order. Higher taxonomic categories can only 
be recognized subsequently, after a host of later speciation 
events have given rise to many descendant taxa. 

The search for special evolutionary factors must be 
centered on the conditions that facilitate the subsequent 
successful radiation of a group, not on the initial ap- 
pearance of a new species. 


THE EMERGENCE OF NEW STRUCTURES 
AND WAYS OF LIFE 

The most spectacular evolutionary changes involve the 
emergence of new structures and ways of life, for example, 
the appearance of the vertebrate body plan and the origin 
of amphibians, birds, and bats. Can these events be ex- 
plained by the same processes that account for minor 
changes observed at the level of the genus and species? 
Can the foot of a tetrapod or the wing of a bird evolve 
slowly and by small increments from the fin of a fish or 
the forelimb of a dinosaur, or must we look for signifi- 
cantly different mechanisms? 

Table 22-1 lists many large-scale structural and phys- 
iological changes that have occurred in vertebrate history, 
with an emphasis on those that are related to the emer- 
gence of new groups or ways of life. 

None of the changes in soft anatomy and physiology 
can be studied directly from the fossil record. We know 
that endothermy evolved among the ancestors of both 
the mammals and the birds, but we cannot establish 
exactly when the change was initiated or the degree to 
which the modern condition was approached during the 
Mesozoic. 

The time of phylogenetic divergence can be used to 
judge the minimum time of establishment of features such 
as the vertebrate sense organs, swimbladder, amniote egg, 
avian respiratory system, mammary glands, hair, and the 
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TABLE 22-1 Major Structural and Physiological Changes in the 
History of Vertebrates 

I. Features associated with the origin of vertebrates 

The emergence of the chordate body plan 
Development of the neural crest and its derivatives 
Origin of brain and paired sense organs 
Origin of bone (which occurred separately in several 
lineages) 

II. Features associated with the origin of gnathostomes 
Origin of jaws 

Origin of teeth with regular replacement pattern 

Origin of paired fins 

Origin of swimbladder in osteichthyes 

III. Features associated with the origin of tetrapod groups 

Origin of limbs in amphibians 
Origin of the amniote egg 

Origin of an impedance-matching ear in squatnates, 
archosaurs, turtles, and mammals 
Loss of limbs in ai'stopods, caecilians, and snakes 
Secondary aquatic adaptation of mesosaurs, 
ichthyosaurs, nothosaurs, placodonts, mosasaurs, 
whales, and sirenians 

IV. Features associated with the origin of flight 

Origin of wings in pterosaurs, birds, and bats 
Elaboration of the avian respiratory system 
Echolocation in bats 

V. Features associated with the origin of mammals 

Endothermy 

Hair 

Mammary glands 

Precise tooth occlusion and the tribosphenic molar 
Trophoblast of placentals 


trophoblast, but it is unlikely that the fossil record will 
ever provide much information regarding the nature of 
their origin. Study of embryological development has the 
potential for establishing how these structures may have 
evolved but cannot specify the time frame. 

Currently, we know neither the time scale nor the 
specific ancestral condition for the emergence of the chor- 
date body plan, the origin of bone, jaws, and teeth, or 
the paired limbs of gnathostomes, but the fossil record 
has the potential to yield this information. 

In order to have an objective basis for evaluating the 
factors involved in the emergence of new structures, we 
must have unequivocal evidence of the ancestral condition 
and at least a minimum limit on the time during which 
the transition occurred. We are left with a shorter list of 
major structural changes for which we now have some 
evidence from the fossil record. 


STRUCTURAL CHANGES ASSOCIATED 
WITH ENVIRONMENTAL SHIFTS 

The most dramatic evolutionary events are those that 
combine a major change in habitus with the appearance 
of a new structural-functional complex. Examples include 
the origin of amphibians, birds, pterosaurs, and ichth- 
yosaurs. The appearance of these groups is made all the 
more striking by the rarity of intermediate forms in the 
fossil record. 

The origin of amphibians, which is discussed in Chapter 
9, is certainly one of the most significant episodes in ver- 
tebrate history. The group from which they arose, the 
rhipidistian sarcopterygians, were common throughout 
the Devonian and lingered into the Lower Permian. Their 
structure is known in considerable detail (Andrews and 
Westoll, 1970). Genera in which the skeleton is appro- 
priate for ancestors of amphibians are known from the 
middle Devonian, approximately 15 million years prior 
to the appearance of amphibians at the end of the De- 
vonian (Jarvik, 1980). These early amphibians are also 
known in considerable detail. Their limbs have already 
achieved a typically tetrapod pattern. 

The remains of rhipidistian fish are common in Mid- 
dle and Upper Devonian deposits that might be expected 
to yield the remains of ancestral amphibians, but no fossil 
is known that could be considered intermediate between 
these two groups. 

Although the general body form of rhipidistians and 
amphibians appears very distinct, most of the individual 
skeletal units are very similar and can be readily homo- 
logized. Except for proportions, the skulls are basically 
similar, and we can directly compare nearly all the bones 
present in early amphibians with those in the fish. In both 
groups, the vertebrae consist of a number of distinct cen- 
tral and arch elements; the only difference is the elabo- 
ration of zygapophyses in the amphibian. The most strik- 
ing change in the axial skeleton is the great elaboration 
of the ribs, but they were already present in rhipidistians. 

The most significant change is the modification of 
fish fins into tetrapod limbs. Even here, strong skeletal 
similarities link the two groups. All the proximal limb 
elements were already present in the fish, including the 
joint structures of the elbow and knee. The only portion 
of the skeleton to undergo fundamental change was the 
distal end of the fin. The distal carpals and tarsals, the 
metapodials, and the phalanges have no homologues in 
rhipidistians. 

If we consider the skeleton as a whole, we see that 
the only changes to occur were those directly associated 
with the requirements of terrestrial support and loco- 
motion. The presence of large axial elements of the paired 
fins in rhipidistians indicates that they could already have 
been used to support and propel the body against the 
substrate when it was only partially supported by the 
buoyancy of the water. The presence of internal nares 
suggests that rhipidistians already made use of atmo- 
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spheric oxygen, despite the retention of gill supports that 
are typical of fish. Most of the features that distinguish 
later Paleozoic tetrapods from rhipidistians evolved after 
the shift from an aquatic to a terrestrial habitat. 

At least some rhipidistians may have been adapted 
to life in very shallow water with occassional limited ex- 
cursions onto the land. The early ichthyostegid amphib- 
ians, on the other hand, retain a fishlike tail and almost 
certainly reproduced in the water, as do many modern 
amphibians. Nevertheless, the general body form shows 
an essential difference in habitus. Rhipidistians were ba- 
sically and obligatorily aquatic animals that were incap- 
able of effective terrestrial locomotion or supporting their 
body out of the water. In contrast, ichthyostegids were 
unquestionably capable of terrestrial locomotion. 

If intermediates between rhipidistians and amphibi- 
ans had been common or widespread, their remains would 
almost certainly have been discovered in the well-known 
deposits of middle and late Devonian age. We may at- 
tribute their absence to the limited adaptive opportunities 
available for animals in intermediate environments. A par- 
tially evolved tetrapod limb would be effective only in 
forms that lived in very shallow water, where selection 
was most stringent for moving the body when the trunk 
and tail could no longer provide effective thrust against 
an aquatic medium. Stranded fish such as actinopterygi- 
ans, which did not have large muscular fins, may have 
provided a periodically rich food source for rhipidistians 
living in this narrow adaptive zone. This stage in the 
transition between fish and amphibians may have oc- 
curred quite rapidly in small, scattered populations that 
were also strongly susceptible to extinction. On the other 
hand, evolution may have been slowed by counter selec- 
tion, which continued to act to retain a fin structure that 
was effective in the water until ancestral amphibians were 
behaviorly committed and structurally capable of spend- 
ing a significant amount of time on land. 

The origin of flight in birds provides a striking ex- 
ample of a major change in the way of life that was 
accompanied by very limited modification of skeletal fea- 
tures. As a result of exceptional preservation of several 
skeletons of the late Jurassic genus Archaeopteryx, we 
have evidence of an extremely early stage in the evolution 
of avian flight. Skeletally, Archaeopteryx is as primitive 
as a bird could possibly be, and yet the structure of the 
individual feathers and their arrangement on the wing are 
strictly avian. The only advance in the skeleton over the 
condition in small theropod dinosaurs is a proportional 
increase in the size of the forelimb. Most changes in the 
skeleton that characterize all modern birds occurred after 
the change in habitus. 

The presence of feathers in association with the skel- 
eton of most specimens of Archaeopteryx is a fortuitous 
result of their preservation in extremely fine-grained lith- 
ographic limestone. Feathers might have been present in 
some theropod dinosaurs without being preserved. Feath- 
ers are unquestionably homologous with reptilian scales 


and probably evolved for insulation long before their use 
as elements of a wing. The key to the origin of birds as 
flying animals was probably a primarily behavioral change 
in the use of the forelimbs. The anatomical pattern com- 
mon to Archaeopteryx had already evolved among ther- 
opod dinosaurs. The only structural change that must 
have accompanied the behavioral shift from a small, ter- 
restrial, or arboreal dinosaur to a flying bird was an in- 
crease in the size of the feathers associated with the in- 
cipient flight surfaces. 

Other transitions, like that between advanced the- 
codonts and pterosaurs and those leading to the origin of 
ichthyosaurs and bats, seem much more dramatic because 
we lack knowledge of immediately ancestral forms. Like 
the origin of tetrapods, these transitions may have oc- 
curred over relatively long periods of time (in the order 
of 10 million years). 

In all these examples, evolution involved primarily 
those elements of the skeleton that were specifically as- 
sociated with the change in habitat. Homologues of struc- 
tures that characterize the derived groups are recognizable 
among their ancestors, but the functions of the elements 
may be fundamentally different. 

In the case of amphibians, birds, and ichthyosaurs, 
most of the anatomical features that are characteristic of 
advanced members of the groups evolved after the actual 
habitat change. On the other hand, early Eocene bats were 
nearly as advanced as many living species. 

These examples were chosen to illustrate some of the 
largest-scale skeletal changes involving habitat shifts for 
which there is some fossil evidence. Although one might 
hypothesize some special mechanism or process to ac- 
count for the morphological or temporal gaps that do 
exist, the currently available evidence does not require 
any special factors. These changes did not necessarily oc- 
cur any faster than those that did under other conditions. 
Most morphological changes involve structures that could 
function either in an intermediate state or in different 
ways in both habitats. The absence of numerous inter- 
mediate forms can be attributed to the limited possibilities 
for adaptation to intermediate habitats. 

Other examples of habitat shifts are seen in the fossil 
record in which at least some intermediate stages are known. 
Many different lineages of aquatic crocodiles evolved from 
terrestrial or semiaquatic ancestors, and numerous inter- 
mediate forms are known. The transitions between ter- 
restrial sphenodontids and aquatic pleurosaurs and be- 
tween varanoid lizards and mosasaurs involved little more 
than progressive changes in proportions (see Chapter 11). 
Aigialosaurs provide a good link to the more specialized 
marine mosasaurs. Although all mosasaurs are more ad- 
vanced in having paddle-shaped fins, greater changes oc- 
cur in the number of phalanges and the number of trunk 
and caudal vertebrae within the mosasaurs than in the 
origin of this group from aigialosaurs. 

In fact, adaptation to an aquatic way of life can occur 
without any perceptible skeletal changes. This phenom- 
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enon would be difficult to demonstrate from the fossil 
record but is evidenced by the modern marine iguanids, 
which depend on underwater algae for their diet and spend 
much of their time in the water. Bartholomew and his 
colleagues (1976) showed that they do not differ signifi- 
cantly from terrestrial iguanids in either their anatomy or 
physiology. 

This example suggests that major shifts in habitat 
can be initiated primarily by modification of behavior 
without any changes in anatomy or physiology. Animals 
such as crocodiles and iguanids that are capable of swim- 
ming and feeding in the water may do so to take advantage 
of more readily available food sources or to avoid ter- 
restrial predators or competitors. Once feeding and lo- 
comotion in the water have become important factors in 
their survival, selection will act to perpetuate structural 
and behavioral features that are more advantageous in 
that habitat. Such changes can occur without speciation 
and do not require genetic revolutions. 


CHANGES WITHIN ADAPTIVE ZONES 

Further support for an essentially Darwinian explanation 
of large-scale structural change can be gained from skel- 
etal modifications that are not associated with major 
adaptive shifts. The changes that occur in the structure 
of the skull, including the braincase, lower jaw, and es- 
pecially the middle ear, in therapsids and early mammals 
are as great as the skeletal changes associated with the 
origin of amphibians, birds, and aquatic reptiles. The 
changes in the ancestry of mammals occurred over a pe- 
riod of approximately 100 million years. This transition 
is not without temporal gaps, but the structural changes 
are essentially continuous. The fossil record is not suffi- 
ciently complete for a thorough quantitative analysis, but 
there are no clearly defined episodes of especially rapid 
evolution. We can explain the entire sequence by persist- 
ent directional selection associated with perfection of 
hearing and mastication. A similar progressive sequence 
can be noted in the evolution of feeding and locomotion 
among neopterygian fish in the Mesozoic, which preceded 
the great radiation of higher teleosts in the late Creta- 
ceous. Changes in the locomotor apparatus among Cen- 
ozoic ungulates were somewhat episodic but apparently 
represent a continuous process in many lineages that re- 
quires only a moderately strong selection pressure for its 
continuation. 

The clearly documented cases of large-scale progres- 
sive morphological change in groups within a particular 
adaptive zone and for many features in groups that have 
entered new adaptive zones make it very difficult to accept 
any hypotheses that require special processes to account 
for the remaining gaps in the fossil record. 
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Constraints and 

RADIATIONS 

Although detailed knowledge of the fossil record is 

not available for all groups, well-documented ex- 
amples of evolution at the level of the species and genus 
as well as the emergence of new structures, ways of life, 
and major taxonomic groups demonstrate that natural 
selection acting on variations within populations is suf- 
ficient to explain most evolutionary changes. 

The amount of variability that we observe in fossil 
and modern populations, together with moderately strong 
directional selection, is capable of causing morphological 
changes over short periods of time that are far more rapid 
than the long-term changes responsible for the macro- 
evolutionary advances observed in the fossil record. 

Establishing a mechanism to explain evolutionary 
change does not in itself fully explain the observed pattern 
of vertebrate evolution. On the basis of an understanding 
of variation and selection, one might expect that the his- 
tory of evolution would exhibit an essentially uniform 
pattern of continuous radiation and adaptation (Figure 
22-5). In fact, the phylogenies of all major vertebrate 
groups show an irregular, episodic history of occasional 
large-scale radiations followed by the long-term survival 
of a relatively small number of basically distinct structural 
and/or adaptive types. The potential universe of orga- 
nisms is occupied in a dearly heterogeneous fashion. 

We should now look for ways to explain how the 
factors of variability and/or selection may be directed or 
constrained to produce this large-scale pattern. 



Figure 22-5. HYPOTHETICAL RADIATION OF A GROUP IN 
WHICH THERE ARE NO CONSTRAINTS. All potential morphotypes 
are produced by natural selection acting on random variation. Mor- 
phological change proceeds at a uniform rate. 
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ENVIRONMENTAL CONSTRAINTS 

The most obvious explanation for the discontinuous dis- 
tribution of organisms is found in the heterogeneity of 
the environment. Throughout vertebrate history, most or- 
ganisms have adapted to particular environments or ways 
of life. Almost all can be described as being primarily 
aquatic, terrestrial, or aerial. Within these broad envi- 
ronments, further habitat subdivisions, such as pelagic, 
benthonic, nectonic, burrowing, arboreal, and so on, can 
be recognized. 

The physical and biological requirements of any par- 
ticular habitat result in selection for features that are nearly 
always disadvantageous in other environments or ways 
of life, which leads to the perpetuation and intensification 
of particular adaptive types. For example, most mam- 
malian orders have retained a basically similar morphol- 
ogy and way of life for 50 to 60 million years. 

Within particular adaptive zones, competition with 
other species restricts the number and nature of species 
and frequently leads to progressively higher degrees of 
specialization in diet, locomotor patterns, and other as- 
pects of structure and behavior. Since the biological en- 


vironment, including both other species and other mem- 
bers of the same species, is continually changing, evolution 
in most groups results in progressive modification within 
broad adaptive zones. There may be an optimal solution 
for a particular aspect of a species at a particular time, 
but it may never be realized before it is altered by other, 
conflicting selection pressures. 

In contrast, physical aspects of the environment may 
set more nearly absolute limits on adaptive change. Op- 
timal designs among biological systems may be recognized 
by the convergent attainment of closely similar structures 
in groups with distinct ancestry. Perhaps the best example 
is supplied by the body form of rapidly swimming aquatic 
vertebrates. Among modern fish, the most rapidly swim- 
ming species are members of the teleost family Carangi- 
dae, including the tuna. They are characterized by a lat- 
erally compressed, spindle-shaped trunk and a high, lunate 
tail. This configuration provides the greatest thrust and 
the least amount of drag (Lighthill, 1970; Webb, 1982). 
An essentially similar body form has been achieved among 
sharks, including some genera as early as the late Devon- 
ian, by ichthyosaurs among Mesozoic reptiles, and by 
Cenozoic whales (although in the whales, the caudal fin 






Figure 22-6. BODY OUTLINE OK RAPIDLY SWIMMING AQUATIC VERTEBRATES, (a) The marlin, a 
living teleost bony fish. ( b ) A predaceous shark, (c to g) A variety of ichthyosaurs: (c) Ichthyosaurus, Lower 
Liassic, Lower Jurassic, (d) Stenopterygius, Upper Liassic, Lower Jurassic. ( e ) Eurhinosaurus, Upper Liassic. 
(f) Ophthalmosaurus, Upper Jurassic and Lower Cretaceous. ( g ) Platypterigius, Upper Cretaceous. These 
ichthyosaurs differ somewhat in fin proportions and the configuration of the skull and jaws, which reflect 
different degrees of maneuverability and feeding habits, but the general body form has remained nearly constant 
for 120 million years in response to the constraints of rapid swimming. Outlines of ichthyosaurs adapted 
from McGowan, 1983. 
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is oriented horizontally rather than vertically, since lateral 
flexure of the vertebral column is much restricted in the 
mammals.) 

This body form is clearly optimal for rapid aquatic 
locomotion. Other factors also affect the shape of indi- 
vidual species, such as the nature of their prey, require- 
ments for maneuverability as well as speed, and structural 
differences of their ancestors. Between groups, specialized 
aquatic locomotion provides an excellent example of con- 
vergence. Within groups, it demonstrates changing evo- 
lutionary rates and stasis. From the early Jurassic into the 
late Cretaceous (approximately 120 million years) ichth- 
yosaurs exhibit a nearly constant body form (Figure 
22-6). Their fossil record in the Triassic is incomplete, 
but it appears to have required about 40 million years to 
achieve the pattern of advanced ichthyosaurs. 

Active flight similarly constrains the body form to a 
particular pattern, and nearly identical structures were 
achieved separately by flying reptiles and birds (see Figure 
16-2). Rose and Entry (1983) describe striking similarities 
of the skull in a variety of burrowing genera that evolved 
from different groups of reptiles and mammals. 

Physical constraints of the environment are clearly 
sufficient to explain why particular structural patterns 
may be achieved fairly quickly and persist for long periods 
of time. 


DEVELOPMENTAL CONSTRAINTS 

It has been suggested that developmental constraints are 
very important factors in limiting the potential for evo- 
lutionary change. Alberch (1980), Gould (1980), and Wil- 
liamson (1981) argue that inherent limits on develop- 
mental processes canalize the direction that change may 
take. Alberch and Gale (1985) provide as an example 
different patterns of digit reduction that characterize frogs 
and salamanders over more than 200 million years of 
evolution. Stock and Bryant (1981) argue that there are 
certain patterns of the digits that can never be expected 
to evolve due to the basic processes of limb formation. 
Holder (1983) shows that most of these supposedly for- 
bidden designs do occur, although they are relatively un- 
common (Figure 22-7). 

The pattern of ossification of the carpals and tarsals 
in early diapsid reptiles provides a useful example of the 
limits of developmental constraints. Among primitive 
diapsids, several genera show a consistent pattern in the 
sequence of ossification of the bones of the wrist and 
ankle. In the carpus, the first bone to appear is the ulnare, 
followed by the fourth distal carpal and the intermedium, 
then the lateral centrale, distal carpals 1 and 3, followed 
by the radiale, medial centrale and distal carpals 2 and 
5, and, last of all, the pisiform. In the tarsus, the astragalus 
and calcaneum appear first, followed by the fourth distal 
tarsal, the centrale, distal tarsals 3, 1, and 2, and finally 
the fifth distal tarsal, which may then fuse with the fourth. 



Figure 22-7. ( a to c) Examples of digit patterns that are forbidden in 

terms of the Stock and Bryant version of the polar coordinate model 
for digit formation. Digit complexity is shown as phalangeal number 
for convenience. ( d to f ) Identified forbidden morphologies. ( d ) The fin 
of the elephant seal (Macrorhinus leoninus). Although the phalangeal 
formula is acceptable, the lateral and medial digits are clearly more 
complex than the three central digits, (e) The forelimb pattern of the 
reptile Massospondylus. Although the phalangeal formula is acceptable, 
the most complex digit in terms of phalangeal number (the central digit) 
is separated by one digit from the lateral digit, which is adjudged com- 
plex on structural grounds, (f) The single digit of the foot of the horse 
(Equus caballus). This clearly symmetrical digit is flanked proximally 
by two much reduced metatarsals (arrows). From Holder, 1983. 


These early genera were near the base of a large 
radiation that lead to all modern reptiles (other than tur- 
tles) and a number of extinct aquatic groups. Early mem- 
bers of the aquatic lineages show a reduction in the num- 
ber of carpals and tarsals to provide greater flexibility of 
the wrist and ankle and to reduce weight. The first ele- 
ments to be lost were the last elements to be ossified in 
the primitive group. It is a general rule of development 
that the last elements to appear are the most subject to 
change and loss. This rule may be considered a devel- 
opmental constraint that predicts, in a general way, the 
pattern of the carpus and tarsus in many groups of sec- 
ondarily aquatic reptiles, as is clearly shown by the no- 
thosaurs (Figure 22-8). It is also evident in primitive mem- 
bers of more advanced groups, including plesiosaurs and 
ichthyosaurs. However, it is not an absolute constraint. 
Advanced plesiosaurs and ichthyosaurs have clearly dif- 
ferent patterns of the limbs that overcome this constraint 
with the elaboration of new elements and significant changes 
in proportions and configuration. The primitive distinc- 
tion between elements of the lower limb and the hand 
and foot are lost, and some ichthyosaurs loose the serial 
pattern of the digits (see Figure 12-30) (Carroll, 1985). 

Another developmental “rule” that is broken among 
secondarily aquatic reptiles is the one that states that limb 
reduction begins with the most distal elements and pro- 
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Figure 22-8. FORELIMB OF NOTHOSAURS SHOWING DIFFER- 
ENT PATTERNS OF THE CARPUS. They correspond in general to 
the sequence of ossification of the carpals in primitive eosuchians. {a) 
Proncusticosaurus. (b) Lariosaurus. ( c)Ceresiosaurus . ( d)Paranothosaurus . 
(e)Dactylosanrus. (f)Nothosaurus. ( g)Pacbypleurosaurus ; the number 
of phalanges is reduced from the primitive reptilian formula of 2, 3, 4, 
5, 3 to 1, 2, 3, 4, 3. Abbreviations as follows: i, intermedium; pis, 
pisiform; r, radiale; u, ulnare; 1 to 4, distal carpals. The medial and 
lateral centrale, which are present in primitive reptiles, are missing in 
all these genera. 


ceeds proximally (Wolpert, 1983). This pattern is fol- 
lowed in nothosaurs by reduction of the digits and then 
the distal limb elements, while the humerus and femur 
remain large. In plesiosaurs and ichthyosaurs, the number 
of phalanges and the total length of the hand increase , 
while the distal limb elements are reduced. The humerus 
and femur remain large in plesiosaurs but are much re- 
duced in ichthyosaurs. 

Hinchliffe and Griffiths (1983) used examples from 
amphibians, birds, and mammals to show that both gen- 
eral patterns and details of carpal formation can be in- 
fluenced by specific mutations and that there are no ov- 
erriding developmental rules that limit evolutionary 
potentials. 

On the basis of currently available evidence, it is 
difficult, if not impossible, to determine whether con- 
servative developmental patterns are a constraint on ev- 
olutionary change or, conversely, reflect long-term sta- 
bilizing selection. 

Unfortunately, little is yet known of the general way 
in which developmental processes are controlled among 
vertebrates (Bonner, 1982; Goodwin, Holder, and Wylie, 
1983; Raff and Kaufman, 1983; Maynard-Smith et ah, 


1985). One may attribute the overall consistency of the 
vertebrate body plan to some inherent aspects of devel- 
opment. Such pervasive features of vertebrate anatomy 
might also be termed historical constraints. Among tetra- 
pods, the paired limbs always show the same general pat- 
tern (Stubin and Alberch, 1986), but this is not a basic 
vertebrate constraint since cartilaginous and bony fish 
show many different arrangements of the fin skeleton. 
Long-term selection can probably eliminate some devel- 
opmental pathways and thus forever eliminate some orig- 
inally possible directions of adaptation. Limbs and other 
major features that are lost are probably never regained. 


STRUCTURAL AND 
PHYSIOLOGICAL CONSTRAINTS 

There are other aspects of organisms that show little if 
any significant variability and are hence not amenable to 
change in response to selection. They may be considered 
the most clear-cut examples of evolutionary constraints. 

Most vertebrate activities are associated directly with 
the skeletal and muscular systems whose fundamental units 
show extremely limited variability. Although the config- 
uration and distribution of bone and cartilage differ greatly 
among the vertebrate groups, their strength per unit area 
is essentially constant. Selection may act to make the most 
effective use of their physical properties, but their strength 
under tension, compression, or shear cannot be signifi- 
cantly altered (Hildebrand, 1982). 

The distribution of skeletal tissue can be adjusted to 
take advantage of the relative strength of bone and the 
relative lightness and compressibility of cartilage. The 
elaboration of cartilage as the only skeletal material in 
sharks and their allies probably precludes the evolution 
within that group of the complex feeding structures that 
are common to bony fish, which rely on the greater strength 
of bone. 

The strength of muscle contraction is also restricted 
within narrow limits. The arrangement of the fibers and 
some aspects of their physiology are variable, but all exert 
a force of approximately 2 to 3 kilograms per square 
centimeter of cross section, measured at right angles to 
the orientation of the fibers. The degree by which a muscle 
contracts and the amount that it can be stretched without 
damage are also closely limited. Muscles can contract only 
about 30 percent of their resting length and are capable 
of stretching by approximately 50 percent of their resting 
length. Changes in the size and proportions of the skull 
and appendicular skeleton are closely constrained by these 
properties of the muscles. 

Perhaps the most general structural constraints are 
those associated with the relationships between linear di- 
mensions, surface area, and volume. If one considers the 
vertebrate body as a roughly cubical structure, doubling 
of linear dimensions results in squaring the surface area, 
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while the volume increases as the cube of linear dimen- 
sions. Since the weight-bearing capacity of bone and the 
force that is generated by muscles are both proportional 
to cross-sectional area, the muscles and bones of the limbs 
must increase faster than linear dimensions to support 
and move a heavier body. 

This factor also affects processes such as heat gain 
and loss and exchange of respiratory gases and nutrient 
molecules across membranes, all of which occur at an 
essentially constant rate that is proportional to surface 
area. Increased body size requires a disproportional elab- 
oration of the area of the gills or lungs for gas exchange 
and the area of the intestinal surface for absorption of 
food. The rate of heat loss and gain and water loss are 
correspondingly reduced in animals with larger bodies. 

Changes in proportions related to changes in absolute 
size are termed allometric and are very significant in con- 
straining the general body form of vertebrates (Gould, 
1966, 1974, 1975b). 

The relative size of the sense organs of the head pro- 
vides a striking example of structural constraints. Both 
the eye and the otic capsule are significantly larger, relative 
to other features of the head, in small vertebrates. This 
phenomenon is related to physical factors that restrict 
their practical size within fixed limits. The flow of fluids 
is restricted in small tubes, and hence the diameter of the 
semicircular canal varies only slightly over a great range 
of body weights (Jones and Spells, 1963). The dimensions 
of the rods and cones of the eye are limited by the inter- 
ference pattern of the waves of light, which sets bounds 



Figure 22-9. SKULLS OF TWO CLOSELY RELATED SALAMAN- 
DERS. These species show striking differences in the pattern of the 
dermal bones to accommodate the great relative increase in size of the 
sense organs as a result of the smaller absolute size of the skull, (a) 
Pseudoeurycea goebeli. ( b ) The much smaller species, Thorius nariso- 
valis. Scale bars = 1 millimeter. Abbreviations as follows: en, external 
naris; f, frontal; fp, frontoparietal fontanelle; i, intcrnasal fontanelle; 
m, maxilla; n, nasal; nc, nasal capsule; oc, occipital condyle; ot, otic 
capsule; pa, parietal; pm, premaxilla; pr, prefrontal; pt, pterygoid pro- 
cess; q, quadrate; s, squamosal; st, synotic tectum. From Hanken , 1984. 
With permission from the Biological Journal of the Linnean Society, 
copyright 1984. 


to the production of a clear retinal image (D’Arcy Thomp- 
son, 1966). In tiny vertebrates, the eye and otic capsule 
dominate the structure of the skull (Figure 22-9), which 
greatly influences the configuration of the skeletal ele- 
ments. The development of the bones conforms to the 
earlier established pattern of the sense organs (Hanken, 
1984). The bone can thus change very significantly in 
shape without any corresponding genetic change in the 
mechanism that controls bone formation. We can assume 
that the manifest changes in the details of skull structure 
are governed by one factor, selection for small body size. 

Reorganization of the skull in relationship to reduced 
body size has been an important factor in the early evo- 
lutionary stages of several groups: lepospondyls and mod- 
ern amphibians (Carroll and Holmes, 1980), primitive 
reptiles (Carroll, 1970), modern lizards, and possibly an- 
cestral snakes (Rieppel, 1984). 

Physiological factors may also be considered among 
the evolutionary constraints. Low metabolic rates strongly 
constrain the adaptive potential of fish, amphibians, and 
early amniotes. None of these groups could attain active 
flight or adaptation to cold terrestrial environments with 
little sunlight. None are as active in the dark as are many 
mammals. On the other hand, a high metabolic rate makes 
it difficult for birds and mammals to adapt to environ- 
ments with limited or irregular food supplies, unless they 
are capable of intermittant periods of dormancy. 

Metabolic rates within each group of vertebrates in- 
crease in proportion to approximately the 0.75 power of 
the body weight (Schmidt-Nielsen, 1975). Requirements 
for food, oxygen, and elimination of metabolic wastes 
increase faster than linear dimensions, although not at the 
rate of volume. This increase requires compensating changes 
in various anatomical elements. For example, Gould 
(1975a) demonstrated that the occlusal area of the cheek 
teeth in many mammals increased significantly faster than 
linear measures of the skull. 


“LIVING FOSSILS” 

Constraints resulting from physical factors of the envi- 
ronment, structural limitations of vertebrate tissue, and 
developmental processes would be expected to act in a 
similar manner in all lineages within taxonomic groups 
that have relatively similar structural and behavioral char- 
acteristics. It is hence difficult to explain w r hy a few mem- 
bers of most major groups have evolved much more slowly 
and show significantly less diversity than other related 
forms. 

Darwin coined the term “living fossil” to apply to 
species that appeared to retain very primitive morpho- 
logical patterns and were assumed to have had very slow 
evolutionary rates throughout their history. 

Schopf (1984) points out that several different cat- 
egories of “living fossils” are recognized by some recent 
authors. 
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1 . Species that are the only living remnants of groups 
that have otherwise become extinct. The coela- 
canth Latimeria is a good example of this cate- 
gory. Although recognizably distinct, it retains most 
of the skeletal characters of its Cretaceous ances- 
tors. 

2. Persistently primitive members of modern groups 
that have otherwise changed dramatically. The 
tree shrews and the opossum Didelphis retain a 
skeletal anatomy similar to that of Upper Creta- 
ceous therians, while the remaining placental and 
marsupial lineages underwent dramatic adaptive 
radiations. The tapir among the perissodactyls and 
the tragulids among the ungulates are less dra- 
matic examples in this category that have been 
discussed in a recent review by Eldredge and Stan- 
ley (1984a). 

3. Species or genera that have persisted over a long 
interval of geological time. The squirrel genus 
Sciurus and the elephant shew Rbynchocyon are 
both known from the Miocene and have shown 
little morphological change during the past 15 to 
20 million years (Ernry and Thorington, 1984; 
Novacek, 1984). In addition, elephant shrews re- 
tain many features of even more primitive pla- 
cental mammals and so they might be included in 
category 2 as well. On the other hand, tree squir- 
rels are common and widespread today and do 
not have a conspicuously archaic skeletal anat- 
omy. They hence do not fit other criteria of “living 
fossils,” despite their relative longevity. 

We assume that “living fossils” evolved very slowly 
but relatively few examples have an adequate fossil re- 
cord, so that it is difficult to establish actual rates of 
evolution. For example, Spbenodon and Latimeria have 
no fossil record and Didelphis is not known from fossils 
earlier than the Pleistocene. 

Schopf notes that “living fossils” are generally rec- 
ognized on the basis of a limited number of features of 
the skeletal anatomy. When their soft anatomy and phys- 
iology have been studied, these species are frequently found 
to be as advanced as other more uniformly progressive 
genera. The duck-billed platypus and echidna illustrate 
the reverse condition. They are considered the most prim- 
itive living mammals on the basis of their reproductive 
pattern, and yet the skulls are extremely highly special- 
ized. 

The various examples of “living fossils” that have 
been recognized show that this is not a well defined con- 
cept. Schopf (1984) provides a definition that may help 
to clarify this problem: “A relatively little morphologi- 
cally modified representative of a relatively archaic lineage 
with little modern representation.” 

Simpson (1944) coined the term bradytely to apply 
to very slow morphological change and considered that 
this represented a distinct category of evolutionary rates. 
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However, current authors argue that slow rates of evo- 
lution are not statistically separable from the broad spec- 
trum of moderate and rapid rates. Nevertheless, there may 
be some features in common that do differentiate more 
slowly evolving lineages. 

Eldredge (1984) notes that it is not infrequent for the 
most primitive living members of a group to represent a 
little-diversified lineage from the base of the radiation. 
We might expect that the lineage that first invades a new 
adaptive zone would remain preeminent within that zone 
for a long period of time during which descendant species 
would be forced to specialize to utilize smaller subsections 
of the environment. Didelphis, as an apparent remnant 
of the first radiation of the marsupials, may be an example 
of this phenomenon, as might the tree shrews and perhaps 
some insectivores among the placentals. 

Wake and his coauthors (1983) explain the long-term 
stasis of the salamander Pletbodon by its capacity to ac- 
commodate to environmental perturbation without re- 
sponding by structural change. They attribute this capac- 
ity to behavioral, physiological, and developmental 
plasticity. The ability of Pletbodon to adapt behaviorally 
and physiologically to a wide range of diets and specific 
habitats without the necessity to change morphologically 
has permitted this genus to persist for more than 60 mil- 
lion years. They point out that limited morphological change 
in Pletbodon is not correlated with a low rate of specia- 
tion, as Stanley (1984) argued to explain other examples 
of stasis. In fact, 26 species of Pletbodon are recognized 
in the modern fauna, in contrast with 5 species of the 
morphologically diverse derivative Aneides. 

Further study of long-lived, conservative lineages is 
desirable to establish just how limited their change has 
been and to determine whether or not they share signif- 
icant features in common. 


ADAPTIVE RADIATION 

Environmental, structural, and physiological factors all 
tend to constrain the potential for evolutionary change. 
If any of these constraints are removed, the way may be 
open for large-scale adaptive radiation. Organisms may 
have the opportunity to invade a new adaptive zone sim- 
ply because it is empty without any significant changes in 
their adaptive ability. Alternatively, changes in structure, 
physiology, or behavior may give organisms the facility 
to evolve within a previously unavailable adaptive zone. 

The extinction of dinosaurs provided the opportunity 
for an extremely wide-scale radiation of mammals 
throughout the world in the early Cenozoic. There is no 
evidence for any significant structural or physiological 
change in either placentals or marsupials that coincided 
with the end of the Mesozoic. The placentals evolved 
explosively to fill a wide range of adaptive zones within 
a period of 1 to 5 million years (Van Valen, 1978). Most 
of the terrestrial adaptive zones were occupied by the end 
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of the Paleocene, after which radiation was largely re- 
stricted within each zone. The rapid rate of adaptive and 
taxonomic evolution at the beginning of the Cenozoic can 
be explained by the lack of either competitors or preda- 
tors. There is no need to assume that mutation rates were 
greater than normal or that speciation was more common 
or rapid than in the late Mesozoic. For a period of at least 
1 million years, most lineages had a much higher potential 
for survival and gave rise to groups that were to persist 
for tens of millions of years. 

The fossil record is not sufficiently complete in the 
latest Mesozoic and earliest Cenozoic to establish the rate 
of anatomical change, but it would not have had to be 
any higher than in the later Cenozoic to account for the 
amount of morphological diversity. Van Valen suggests 
that all the early Cenozoic groups could be included in a 
single family on anatomical grounds, although they are 
classified in several orders on the basis of the subsequent 
evolutionary history of their descendants. 

The radiation of marsupials in South America prob- 
ably followed a similar pattern, although the fossil record 
is not sufficiently complete to document its detailed char- 
acteristics. Even less is known of the early radiation of 
marsupials in Australia. 

Some of the most dramatic examples of short-term 
radiation in newly available habitats are seen in the evo- 
lution of fish species flocks in both ancient and modern 
lakes (Echell and Kornfield, 1984). Although we lack in- 
formation on critical periods of their evolution, evidence 
from the geological record demonstrates that hundreds of 
species may become differentiated within fewer than 10,000 
years. Speciation and structural changes have occurred 
more rapidly than in any other well-documented se- 
quences. Unfortunately, there is no evidence that this phe- 
nomenon has ever led to large-scale evolutionary change, 
since nearly all of these lakes have had a very short history, 
with most drying up after no more than 25,000 years. 
Lake Baikal is an obvious exception, but it is so isolated 
that its fauna is unlikely to contribute to the rest of the 
world. 

Other dramatic radiations are associated with new 
structural, physiological, or behavioral patterns. The Pa- 
leozoic amphibians were able to invade the land only after 
the achievement of skeletal changes that permitted loco- 
motion and support outside an aquatic environment. The 
amphibians radiated extensively during the Carbonifer- 
ous, although the fossil record is too incompletely known 
to establish how rapid this process was. 

The achievement of active flight in pterosaurs and 
birds similarly opened up an entirely new way of life and 
led to large-scale radiations. On a smaller scale, the 
achievement of more effective tarsal structure appears to 
have triggered the radiation of artiodactyls and perisso- 
dactyls in the early Cenozoic, as did the evolution of ever- 
growing incisors among the ancestral rodents. 

However, there is not always a close correlation be- 
tween significant structural and physiological changes and 


major radiations. Several other groups of Cenozoic mam- 
mals developed ever-growing incisors but without the suc- 
cess of rodents. Many of the physiological features of 
modern therian mammals had almost certainly evolved 
before the divergence of marsupials and placentals in the 
early Cretaceous, but the major radiation of these groups 
only occurred in the early Cenozoic. The definitive car- 
nivore carnassial pattern evolved in the early Paleocene, 
but the major radiation leading to modern families did 
not occur until the late Eocene. In these cases, competi- 
tion, predation, or other environmental factors may have 
been more important in influencing evolution than the 
attainment of new structural or physiological features. 

On the other hand, the radiation of amniotes in the 
early Pennsylvanian and their dominance by the early 
Permian was achieved in the face of an earlier established 
amphibian fauna. However, the rate of early amniote ra- 
diation was not nearly as rapid as that of early Cenozoic 
placentals. Similarly, archosaurs appear to have achieved 
dominance in the middle and late Triassic at the expense 
of the therapsids, which had been much more widespread 
and diverse in the earlier Triassic. Successive radiations 
of both cartilaginous and bony fish appear to have re- 
sulted from the evolution of more effective patterns of 
feeding and locomotion, which led to the demise of more 
archaic groups. 

The capacity of a group to undergo a major radiation 
requires both the facility to invade a new adaptive zone 
as a result of inherent structural, physiological, and be- 
havioral factors and the opportunity to do so in relation- 
ship to available food supplies and a relatively lo\v level 
of competition and predation. 

Extinction 

It seems appropriate to end a book on vertebrate 

history with a discussion of extinction. Among mam- 
mals, for which we have the most complete record, the 
average species longevity is 2 to 3 million years. The av- 
erage for other groups appears to be higher, but it may 
be biased by the better fossil record of longer-lived species. 
Schopf (1984) suggests that if we could apply the same 
criteria to fossil groups that are used for modern species, 
average species longevity might be as short as 200,000 
years. No vertebrate species has escaped extinction for 
more than a few million years. 

Two distinct events are seen as extinction: the ter- 
mination of a lineage without descendants and its tran- 
sition into a recognizably different species by phyletic 
evolution. The latter process may be termed pseudo- 
extinction. Taxa may become extinct either locally (as in 
the case of the genus Equus in the late Pleistocene in North 
America) or throughout their range. 

Extinction at the species level is clearly as natural 
and inevitable a result of evolution as is change. The 
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nature of extinction has been studied extensively among 
modern species, which provide a model for local, short- 
term events. In a review of Pleistocene and recent extinc- 
tions of reptiles, birds, and mammals, Diamond (1984) 
shows that the probability of extinction is related most 
directly to population size and the area of its distribution. 
Extinction is most likely in species with small population 
size that occupy limited geographical areas. This phenom- 
enon is most clearly demonstrated among animals occu- 
pying groups of islands of varying size but has been mea- 
sured in other physically and biologically restricted areas. 
Population size is associated with trophic level and body 
size, so that large carnivores are the most liable to ex- 
tinction and small herbivores the least. These observations 
suggest that over short time spans in limited geographical 
areas, stochastic factors of population dynamics are more 
important in governing the probability of extinction than 
are predation, competition, or physical changes in the 
environment. 

Stochastic factors must have played an important role 
in producing a relatively constant level of extinction 
throughout vertebrate history. We may be able to estab- 
lish the relative importance of stochastic and deterministic 
factors through study of the relative longevity of herbiv- 
orous and carnivorous species and species with large and 
small body size. 

Prior to the Cenozoic, it is very difficult to establish 
species ranges and population sizes, and emphasis has 
been placed on other possible causes of extinction. The 
extinction of a number of genera with a similar mor- 
phology suggests some common environmental cause. Two 
categories are typically considered — interaction with other 
species, especially competition, and changes in the phys- 
ical environment. 

The successive replacement of groups inhabiting the 
same geographical area and making use of the same re- 
sources is logically explained by competition. The diffi- 
culty of demonstrating competition, even among living 
groups, is discussed in a symposium published by the 
American Naturalist (November 1983). It is even more 
difficult to demonstrate competition in a convincing man- 
ner from the fossil record. In the Paleozoic and Mesozoic, 
we rarely have sufficiently detailed evidence of time ranges 
to show that two species or larger taxonomic groups ac- 
tually occupied the same habitat and succeeded one an- 
other immediately in time. Even in the case of the Plio- 
Pleistocene species Australopithecus robustus and Homo 
babilis, such evidence is very difficult to establish (Walker, 
1984). 

However, in some cases, the inference of extinction 
through competition and predation is fairly strong. Per- 
haps the most convincing example is provided by the 
extinction of all South American ungulates following the 
invasion of a host of competitors and predators at the 
close of the Tertiary (Figure 22-10) (Webb, 1976). 

Large-scale extinction involving many elements of a 
fauna may be the result of modifications of the physical 


environment. The extinction of the rich fauna of primates 
in the North Temperate Zone following the Eocene has 
been attributed to gradual cooling, which led to the loss 
of extensive tropical forests. Changes in the terrestrial 
fauna in North America during the later Tertiary are as- 
sociated with further replacement of the forests by sa- 
vanna (Webb, 1984), which provided a new environment 
for grazing mammals. 

The fossil record in the Cenozoic is sufficiently com- 
plete, at least in Europe and North America, to show the 
true spatial and temporal distribution of most genera. 
From this evidence, w r e can attribute most extinctions to 
causes similar to those that are evident in the modern 
fauna, although changes in climate and sea level were 
much greater over longer periods of time. The most dra- 
matic recent change in the environment — caused hy the 
repeated advances of continental ice sheets during the 
Pleistocene — modified the ranges of many species. Many 
others became extinct at the close of the Pleistocene be- 
cause of the geographical reduction of arctic conditions 
(Martin and Klein, 1984). 

Systematic consideration of extinctions during the 
Paleozoic and Mesozoic is much more difficult. The in- 
completeness of the stratigraphic record gives the ap- 
pearance of a succession of large-scale extinctions. During 
the Mesozoic, for example, no dinosaur species are known 
to extend beyond a single stage boundary. Since most 
organisms are commonly, if not entirely, restricted to par- 
ticular environments, their remains are typically found in 
similar sediments. When geological conditions change, 
groups frequently vanish from the fossil record. Their 
disappearance may reflect local extinction but does not 
necessarily indicate total extinction, since individual spe- 
cies or entire faunas may be able to migrate to more 
favorable areas that may not be represented in the fossil 
record. 

The longevity and the turnover rates of species and 
genera measured from our current knowledge of the fossil 
record of the Paleozoic and Mesozoic may be largely a 
reflection of geological factors and may have only limited 
biological significance. Because of the large number of 
species in families, the presence or absence of families 
should be much less influenced by chance and so should 
give a more accurate, if less detailed, view of extinction 
events. 

In addition to the more-or-less constant rate of ex- 
tinction that results from stochastic processes and normal 
environmental change (which may be referred to as back- 
ground extinction), the fossil record of marine inverte- 
brates shows several much larger-scale extinction events. 
Raup and Sepkoski (1984) argue that these major ex- 
tinction events are recurrent, with a periodicity of ap- 
proximately 26 million years, suggesting a single, prob- 
ably extraterrestrial, cause. However, their paper has been 
seriously criticized by Hallam (1984) and Hoffman (1985). 
Major extinctions in the marine environment are said to 
have peaked at the following times: 
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Peak observed, million 
years before present 


Tertiary 


Middle Miocene 

11.3 

Late Eocene 

38 

Cretaceous 

Maastrichtian 

65 

Cenomanian 

91 

Hauterivian 

125 

Jurassic 

Tithonian 

144 

Callovian 

163 

Bajocian 

175 

Pliensbachian 

194 

Triassic 

Norian 

219 

Olenekian 

243 

Permian 

Dzhulfian 

248 


Except for the extinction at the end of the Cretaceous, 
which is discussed in Chapter 15, there is not much con- 
firmation for this pattern from the vertebrate fossil record. 
Thomson’s (1977) study of rates of extinction of fish showed 
no significant coincidence with the Raup-Sepkoski time 
table. The most dramatic extinction in the marine envi- 
ronment occurred at the end of the Permian, wiping out 
95 percent of the nonvertebrate species and more than 
half the families. Surprisingly, there was not a correspond- 
ingly large extinction of either terrestrial or aquatic ver- 


tebrates (Schaeffer, 1973). The fossil record of terrestrial 
vertebrates is very poor in the Lower Triassic, but the late 
Permian and early Triassic appear to be the time of orig- 
ination of a host of lineages that dominated the Mesozoic. 

The problems of evaluating the vertebrate fossil re- 
cord across the Cretaceous-Tertiary boundary were dis- 
cussed in Chapter 15. The present evidence is not suffi- 
cient to support a sudden, catastrophic extinction at that 
time. McKenna (1983) and Prothero (1985) also cast doubt 
on the catastrophic nature of extinctions near the Eocene- 
Oligocene boundary. 

Although some periodically recurring factor may have 
led to large-scale extinction events among marine inver- 
tebrates, there is little in the fossil record of either ver- 
tebrates or vascular plants (Knoll, 1984) to support this 
hypothesis. With the possible exception of the extinction 
at the end of the Cretaceous, there is no strong evidence 
for a significant effect of catastrophic extraterrestrial forces 
on the history of vertebrates (Stanley, 1987). 

A new agent of large-scale extinction was added in 
the Pleistocene with the emergence and wide distribution 
of modern man. There is continued dispute as to how 
significant a role humans had in the last dramatic extinc- 
tion at the end of the Pleistocene. This extinction involved 
primarily large mammals weighing more than 44 kilo- 
grams (Martin and Wright, 1967; Martin and Klein, 1984). 
Seventy-eight species, 37 genera, and 7 families became 
extinct in North America. Martin ( 1984) argues that these 
extinctions occurred approximately 1 1 thousand years 
ago and can be attributed directly to the activities of hu- 
man hunters, in contrast, Webb (1984) argues that these 
extinctions can be accounted for primarily by climatic 
factors. 



Figure 22-10. TURNOVER OF UNGULATE GENERA IN SOUTH AMERICA. Numbers in boxes represent 
number of genera. Scale at left shows late Tertiary and Quaternary stages recognized in South America. From 
Webb, 1976. 
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There is no debate concerning the human responsi- 
bility for a host of more recent extinctions. Day (1981) 
stated that more than 150 vertebrate species have become 
extinct during the past 300 years. There is no reason to 
think that mankind is exempt from the same processes 
that have led to the extinction of all other species that 
have inhabited this planet. 

Summary 

The fossil record of vertebrates provides an impor- 
tant basis for determining large-scale evolutionary 
processes and rates. In contrast with the ideas of Darwin 
and the modern evolutionary synthesis, Eldredge, Gould, 
and Stanley argue that morphological change occurs pri- 
marily at the time of spcciation and that little significant 
change occurs during their subsequent duration. Because 
of the incomplete nature of the fossil record, it is difficult 
to test this hypothesis, but many examples of progressive 
change within species and between species and genera 
have been described. The fossil record shows that rates 
of evolution are extremely variable, rather than consist- 
ently following either a gradualistic pattern or a punc- 
tuated pattern. 

Evolutionary rates can be measured in darwins, a 
change by a factor of e per million years. A rate of ap- 
proximately 0.1 darwin is common for vertebrates mea- 
sured over a period of 1 million years. Lower rates are 
recorded over longer periods of time because of the av- 
eraging of variable factors. 

Macroevolution involves the origin and radiation of 
major groups, the evolution of distinct new structures and 
physiological processes, and major adaptive shifts. Many 
theories have been proposed to explain these processes, 
but all can be attributed to variation and selection acting 
at the level of populations and species. The following 
features are characteristic of transitions between major 
adaptive zones: 

1. A gap of 10 to 20 million years frequently sepa- 
rates ancestral and descendant forms. 

2. Intermediates are rare. 

3. Only those parts of the skeleton that are specifi- 
cally associated with the habitat shift are modi- 
fied. 

4. The transition may involve functional changes in 
elements that remain structurally similar. 

5. Many features that are characteristic of typical 
members of the derived group evolve subsequent 
to the adaptive shift. 

The absence of intermediate forms may be explained 
by the difficulty of adapting to intermediate habitats. The 
entry into a new adaptive zone may be initiated by be- 
havioral changes, with modification of structures and 
physiology occurring subsequently. 


Physical and biological aspects of the environment, 
as well as inherent limitations of structural elements and 
physiology, constrain vertebrate evolution to a relatively 
few major adaptive zones and explain why vertebrate 
history is characterized by occasional large-scale radia- 
tions followed by the long-term survival of a relatively 
small number of adaptive types. It is not clear whether 
developmental patterns are important in constraining the 
course of evolution or are themselves controlled by sta- 
bilizing selection. 

Major radiations require both the structural, phys- 
iological, and behavioral facility to invade a new adaptive 
zone and the opportunity to do so with respect to available 
resources and a relatively low level of competition and 
predation. 

Species have an estimated longevity ranging from 
200,000 to several million years. In Pleistocene and Re- 
cent populations, the probability for extinction is directly 
proportional to body size and trophic level and inversely 
proportional to population size and the extent of its range. 
Competition and changes in the physical environment are 
probably important factors that lead to extinction over 
the longer scale of the fossil record, although they are 
difficult to demonstrate. The depositional record in the 
Paleozoic and Mesozoic is too incomplete to provide ac- 
curate measures of the duration of species and genera. 
The fossil record of vertebrates does not show convincing 
evidence of recurrent catastrophic extinction as a result 
of extraterrestrial factors. 
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A P P E N 


D I X 


VERTEBRATE 

CLASSIFICATION 


The following tabulation is intended to include most vertebrate 
genera that are known from fossil remains. They are arranged 
in an essentially Linnean system of classification that groups 
together closely related taxa in a hierarchical order. This clas- 
sification is based on the most recent general reviews, plus the 
incorporation of subsequently described genera. 


Agnatha 

Placodermi 

Chondrichthyes 

Acanthodii 

Osteichthyes 


Amphibians 

Reptiles 


Reviewed by Dr. David Elliott 
(Denison, 1978) 

Paleozoic genera (Zangerl, 1981) 

Modern elasmobranchs (Compagno, 1977) 
(Denison, 1979) 

General classification from Nelson (1984), 
based on the cladistic analysis of Lauder 
and Liem (1983) 

Sarcopterygians (Thomson, 1969) 

(Carroll and Winer, 1977; Estes, 1981) 
Anapsida (Carroll, 1982, and references 
cited) 

Chelonia (Mfynarski, 1976) 


Lepidosaurs (Estes, 1983; Rage, 1984) 
Archosauromorpha and Synapsida 
(tabulation by Dr. Hans-Dieter Sues) 

Birds (Olson, 1985, and references cited; Gruson, 

1976) 

Mammals Nontherian mammals (Lillegraven, Kielan- 

Jaworowska, and Clemens, 1979) 
Marsupials (Marshall, 1981) 

Placental mammals (Savage and Russell, 
1983) 

Classification of modern families (Anderson 
and Jones, 1984) 

For Mesozoic and Cenozoic elasmobranchs and actinop- 
terygian groups that have not been systematically reviewed dur- 
ing the past 20 years, listing at the generic level is emended from 
Romer (1966). (References for these citations appear at the end 
of the appendix.) 

It should be recognized that such a compendium is subject 
to many sources of error. A particularly serious problem is the 
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omission of species-level diversity. For this information, the reader 
must turn to the primary literature. For most groups, there is 
still significant disagreement as to specific phylogenetic rela- 
tionships, the validity of particular taxa, and the name and rank 
of higher taxonomic units. What appears here is a compromise 
among several, sometimes quite divergent, approaches. 

It should also be recognized that such a listing is not an 
accurate reflection of the longevity of taxa. They are cited as 
occurring within a particular geological stage but may be known 
from only a single horizon or may have lived throughout the 
stage. Uncritical analysis of data of this nature may give a very 
misleading impression of evolutionary processes. 

The methodology of classification is currently in a state of 
instability greater than at any period since the time of Linnaeus. 
Together with the great increase in knowledge of many aspects 
of vertebrate phylogeny, a major modification of the taxonomy 
of all vertebrates may be possible before the end of the century. 
However, it is certainly not practical at the present time. 

As discussed in Chapter 1, systems of classification can be 
used to show specific phylogenetic relationships, but this ap- 
proach requires special notations and such a great number of 
taxonomic ranks that it is not practical when applied to a group 
as diverse as the vertebrates. 

This classification has the more limited goal of indicating 
what genera and families are grouped in higher taxonomic cat- 
egories. It is not meant to show the specific nature of the inter- 
relationships of either the genera or the larger groups. In fact, 
these relationships are only rarely known with sufficient assur- 
ance to justify their inclusion in a system of formal classification. 


Abbreviations 

Geological 

Camb., Cambrian; Carb., Carboniferous; Cret., Cretaceous; Dev., 
Devonian; Eoc., Eocene; Jur., Jurassic; L., Lower; M., Middle; 
Mioc., Miocene; Miss., Mississippian; Olig., Oligocene; Ord., 
Ordovician; Paleoc., Paleocene; Penn., Pennsylvanian; Perm., 
Permian; Pleist., Pleistocene; Plioc., Pliocene; R., Recent; Sil., 
Silurian; Quat., Quaternary; Tert., Tertiary; Trias., Triassic; 
U., Upper. 

Geographical 

Af., Africa; Ant., Antarctica; Arc., Arctic; As., Asia; Atl., At- 
lantic; Aus., Australia; CA., Central America; CAs., Central 
Asia; Cos., Cosmopolitan; EAf., East Africa; EAs., Eastern Asia; 
Elnd., East Indies; EEu., Eastern Europe; Eu., Europe; Gr., 
Greenland; Ind., India; Indo-Pac. Oc., Indo-Pacific Ocean; Mad., 
Madagascar; Maurit., Mauritius; Med., Mediterranean; NA., 
North America; NAf., North Africa; NAs., Northern Asia; NAtl., 
North Atlantic; NNA., Northern North America; NOc., North- 
ern Oceans; NPac., North Pacific; NZ., New Zealand; Oc., 
Ocean(s); Pac., Pacific; SA., South America; SAf., South Africa; 
SAs., Southern Asia; SAtl., South Atlantic; SOc., Southern Oceans; 
SPac., South Pacific; Spits., Spitsbergen; SWAs., Southwest Asia; 
Tas., Tasmania; Trop., Tropics; WAf., West Africa; WAs., 
Western Asia; Wind., West Indies. 


CLASS AGNATHA 

SUBCLASS PTERASPIDOMORPHI (DIPLORHINA) 

order heterostraci (PTERaspidiformes) ?Arandaspididae 
Anatolepis U. Camb. NA. L. Ord. Spits. Gr. NA. Arartdas- 
pis M. Ord. Aus. Porophoraspis M. Ord. Aus. Astraspidae 
Astraspis [Pychaspis] M. Ord. NA. Eriptychiidae Eripty- 
chius M. Ord. NA. Cyathaspididae Alainaspis U. Sil. NNA. 
Allocryptaspis [ Cryptaspis ] L. Dev. NA. Americaspis [Pa- 
laeaspis] U. Sil. NA. Anglaspis [Frankelaspis] L. Dev. Eu. 
Spits. Archegonaspis [Eoarchegonaspis Lauaspis] U. Sil. ? L. 
Dev. Eu. U. Sil. NA. Ariaspis U. Sil. NA. Asketaspis L. Dev. 
NNA. Boothiaspis U. Sil. NNA. Ctenaspis [ Bothriaspis ] L. 
Dev. Eu. Spits. Cyathaspis [ Diplaspis ] U. Sil. NA. U. Sil. L. 
Dev. Eu. L. Dev. NAs. Davelaspis L. Dev. Spits. Dikenas- 
pis L. Dev. NA. Dinaspidella [Dinaspis] L. Dev. NA. Spits. 
Homalaspidella [Homalaspis Homaspis] L. Dev. NA. Spits. 
Irregulareaspis [Dictyaspidella Dictaspis] L. Dev. Eu. Spits. 
Liliaspis U. Sil. NAtl. Listraspis L. Dev. NA. Nahanniaspis 
U. Sil. L. Dev. NNA. Pionaspis L. Dev. NA. Poraspis [Ho- 
laspis] L. Dev. Eu. Spits. NNA. Ptomaspis M.-U. Sil. NNA. 
Seretaspis L. Dev. Eu. Steinaspis L. Dev. Eu. Tolypelepis 
[Tolypaspis] U. Sil. L. Dev. NNA. Eu. Torpedaspis U. Sil. L. 
Dev. NNA. Vertionaspis [ fAnatiftopsis Eoarchegonaspis] U. 
Sil. L. Dev. NNA. Amphiaspidae Amphiaspis Angaraspis 
Aphataspis Argyriaspis Edaphaspis Eglonaspis Empedaspis 
Gabreyaspis Gerronaspis L. Dev. NAs. Gunaspis L. Dev. Eu. 
Hibernaspis Kureykaspis Lecaniaspis Litotaspis Pelurgaspis 
Olbiaspis Pelaspis Prosarctaspis Putoranaspis Sanidaspis 
Siberiaspis Tareyaspis Tuxeraspis L. Dev. NAs. Corvaspidae 
Corvaspis U. Sil. L. Dev. EEu. NNA. Spits. Traquairaspidi- 
dae Traquairaspis [Lophopiscis Lophaspis Orthaspis Phi- 
alaspis Yukonaspis] U. Sil. Eu. U. Sil. L. Dev. NA. L. Dev. 
Spits. Weigeltaspis L. Dev. NNA. Eu. Pteraspidae Althaspis 
[Podolaspis] L. Dev. Eu., EEu. Anchipteraspis U. Sil. NNA. 
Brachipteraspis L. Dev. Eu. Canadapteraspis Cosmaspis L. 
Dev. NA. Doryaspis [Lyktaspis Scaphaspis ] L. Dev. Spits. 
Errivaspis L. Dev. Eu. Escharaspis L. Dev. NNA. Eucyclas- 
pis L. Dev. NA. Europrotaspis \ Glossoidaspis] L. Dev. Eu. 
Grumantaspis L. Dev. Spits. Lampraspis L. Dev. NA. Lar- 
novaspis L. Dev. Eu. Loricopteraspis [ Brotzenaspis ] L. Dev. 
EEu. Miltaspis L. Dev. Spits. Mylopteraspidella Mylopteras- 
pis L. Dev. Eu. Oreaspis L. Dev. NA. Protaspis [Cyrtaspi- 
dichthys Cyrtaspis Eucyrtaspis Europrotaspis Gigantaspis ] L. 
Dev. NA. Eu. Spits. Protopteraspis [Simopterspis] U. Sil. L. 
Dev. NNA., L. Dev. Eu. Spits. Psephaspis L. Dev. NA. 
Pteraspis [ Archaeoteuthis Brachipteraspis Cymripteraspis 
Lerichaspis Paleoteuthis Parapteraspis Penygaspis Plesiopter- 
aspis Podolaspis Pseudopteraspis Simopteraspis Steganodic- 
tyum] L. Dev. Eu., EEu. Spits. NAs. NA. Rhachiaspis U. Sil. 
NNA. Rhinopteraspis [Belgicaspis] L. Dev. Eu. EEu. Stego- 
branchiaspis L. Dev. NNA. Ulutitaspis U. Sil. NNA. Unar- 
kaspis L. Dev. NNA. Zascinaspis L. Dev. EEu. NA. Cardi- 
peltidae Cardipeltis L. Dev. Spits. NA. Drepanaspidae 
(Psammosteidae) Aspidosteus [Aspidophorus Obrucbevia] U. 
Dev. EEu. Crenosteus U. Dev. Eu. Drepanaspis L. Dev. Eu. 
Ganosteus M. Dev. Eu. Guerichosteus L. Dev. Eu. Harios- 
teus L. Dev. Eu. Karelosteus U. Dev. Eu. Obrucbevia U. Dev. 
Eu. Psammolepis M. Dev. Eu. M. Dev. Gr. U. Dev. NNA. 
CAs. Psanimosteus [Dyptychosteus Megalopteryx Placos- 
teus] U. Dev. EEu. NA. CAs. Psephaspis L. Dev. NA. Pyc- 


596 


VERTEBRATE CLASSIFICATION 


nolepis M. Dev. EEu. Pycnosteus Schizosteus [Cheirolepis 
Microlepis] M. Dev. Eu. Spits. Rohonosteus U. Dev. NNA. 
Stroshiperus U. Sil. Eu. Tartuosteus M. Dev. Eu. Traquai- 
rosteus U. Dev. Eu. Yoglinia M. Dev. Eu. 

ORDER HETEROSTRACI FAMILY INCERTAE SEDIS Kallostrakotl L. 

Dev. Eu. Natlaspis U. Sil. L. Dev. NNA. Oniscolepis U. Sil. 
Eu. Tesseraspis L. Dev. Eu. 

order thelodontida Katoporidae Goniporus U. Sil. Dev. 
Eu. EEu. Helenolepis U. Sil. CAs. Katoporus U. Sil. L. Dev. 
Eu. EEu. Lanarkia U. Sil. Eu. Phlebolepis U. Sil. NNA. Eu. 
EEu. Loganiidae Coelolepis U. Sil. L. Dev. Eu. Logania U. 
Sil. NA. Eu. EEu. CAs. NA. L. Dev. EEu. Sigurdia L. Dev. 
NNA. Spits. Thelodus [Thelolepis Thelolepoides Thelyodus] 
L. Sil. NNA. U. Sil. L. Dev. EEu. Eu. NA. Spits. CAs. 
Turiniidae Turinia L. Dev. Eu. EEu. Spits. Aus. CAs. NAs. 
Apalolepididae Apalolepis L. Dev. EEu. Skamolepis L. Dev. 
EEu. Nikoliviidae Amaltheolepis L.-M. Dev. Spits. L. Dev. 
NAs. EEu. Gompsolepis L. Dev. EEu. Nikolivia L. Dev. EEu. 
Eu. 


SUBCLASS CEPHALASPIDOMORPHA 

order osteostraci Tremataspidae Timanaspis U. Sil. EEu. 
L. Dev. Eu. Tremataspis [Odontododus Stigtnolepis] U. Sil. 
Eu. Witaaspis IJ. Sil. EEu. Dartmuthiidae Dartmuthia [Lo- 
phosteus] U. Sil. Eu. Oeselaspis [ fTrachylepis ] U. Sil. Eu. 
Saaremaaspis [Dasylepis ?Dictyolepis Rotsikuellaspis] U. Sil. 
L. Dev. Eu. Tyriaspis U. Sil. Eu. Ateleaspidae Aceraspis 
\Hemiteleaspis] Hirella [ Micraspis ] L. Dev. Eu. Hemicyclas- 
pis L. Dev. Eu. NNA Tuvaspis L. Dev. NAs. Sclerodonti- 
dae Sclerodus [Eukeraspis] L. Dev. Eu. Cephalaspidae Ben- 
neviaspis L. Dev. Eu. Spits. Boreaspis L. Dev. Spits. 
Cephalaspis [Alaspis Camptaspis Escuminaspis Eucephalas- 
pis Minestaspis Pattenaspis Scolenaspis Zenaspis } U. Sil. L. 
Dev. Eu. L.-M. Dev. Spits. L. Dev. EAs. L.-U. Dev. NA. 
Ectinaspis [ Hoelaspis ] L. Dev. Spits. Procephalaspis U. Sil. 
Eu. Securiaspis L. Dev. Eu. Spits. Stensiopelta L. Dev. Eu. 
Tannuaspis L. Dev. NAs. Tegaspis L. Dev. Spits. Thyestes 
[Auchenaspis] U. Sil. L. Dev. Eu. Kiaeraspididae Acroto- 
maspis Axinaspis L. Dev. Spits, llemoraspis L. Dev. EEu, 
ft'' Kdlraspis L. Dev. Spits. Nectaspis L.-M. Dev. Spits. Turinea 
[Cephalopterus] L. Dev. Eu. 

order galeaspida Hanyangaspidae Hanyangaspis Latiros- 
traspis M. Sil. EAs. Galeaspidae Galeaspis L. Dev. EAs. 
Eugaleaspidae Eugaleaspis Sinogaleaspis Yunnanogaleaspis L. 
Dev. EAs. Nanpanaspidae Nanpanaspis L. Dev. EAs. Poly- 
branchiaspidae Cyclodiscaspis Damaspis Diandongaspis 
Dongfangaspis Kwangnanaspis Laxaspis Polybranchiaspis 
Siyingia L. Dev. EAs. Hunanaspidae Antquisagittaspis Asiaspis 
Huananaspis Sanchaspis Sangiaspis Szechuanaspis L. Dev. 
EAs. Duyunolepidae Duyunolepis Neoduyunaspis Paraduyu- 
naspis L. Dev. EAs. Lungmenshanaspidae Lungmenshanaspis 
Sinoszechuanaspis Qingmenaspis L. Dev. EAs. Tridensaspi- 
dae Tridensaspis L. Dev. EAs. Dayongaspidae Dayongaspis 
L. Sil EAs 

order anaspida PJaymoytiidae Jaymoytius M. Sil. Eu. Bir- 
keniidae Birkenia M.-U. Sil. L. Dev. Eu. Ctenopleuron U. Sil. 
NA. Pharynogolepis Pterygolepis [Pterolepidops Pterolepis] 
Saarolepis U. Sil. Eu. Rhyncholepis L. Dev. Eu. Euphaner- 


opsidae Euphanerops U. Dev. NA. Endeiolepidae Endeiole- 
pis U. Dev. NA. Lasaniidae Lasanius U. Sil. L. Dev. E.U. 

order petromyzontiformes Petromyzontidae R. Oc. Eu. 
Aus. NZ. NA. SA. Mayomyzontidae Hardistiella U. Miss. 
NA. Mayomyzon M. Penn. NA. 

AGNATHA INCERTAE SEDIS 

Cyclostomis Gilpichthys Ptpiscius Penn. NA. 

order myxiniformes Myxinidae (Bdellostomatidae) R. Oc. 
Unnamed fossil, Penn. NA. 


CLASS PLACODERMI 

order stensioellida Stensioellidae Stensioella L. Dev. Eu. 

order pseudopetalichthyda Paraplesiobatidae Paraplesiob- 
atis L. Dev. Eu. Pseudopetalichthys [ Parapetalichthys ] L. Dev. 
Eu. 

order rhenanida Asterosteidae Asterosteus M. Dev. NA. 
SWAs. Bolivosteus M. Dev. SA. tBrindabellaspis L. Dev. Aus. 
Gemuendina [ Broiliina ] L. Dev. Eu. Jagorina U. Dev. Eu. 
tOhioaspis M. Dev. NA. Aus. 

order ptyctodontida Ptyctodontidae Campbellodus U. Dev. 
Aus. Chelyophorus [ Cbeliophorus ] U. Dev. EEu. Ctenurella 
U. Dev. Eu. EEu. Aus. Desmoporella M. Dev. Eu. Eczema- 
tolepis [Acantholepis Oracanthus Phlyctaenacantbus } M.-U. 
Dev. NA. Goniosteus M. Dev. Eu. Palaeomylus [ Rhyncho - 
dus] M.-U. Dev. NA. Eu. Ptyctodopis M. Dev. NA. Ptycto- 
dus \Aulacosteus Paraptyctodus Rinodus] M.-U. Dev. ?L. 
Miss. NA. M.-U. Dev. Eu. EEu. U. Dev. NAs. NAf. Aus. 
Rhatnphodopsis M. Dev. Eu. Rbynchodus [Ramphodus 
Rhampodontus Rhampodus Rbyncbodontus Rhynchognathis 
Rhynchosteus Ringima ] M.-U. Dev. Eu. NA. 

order acanthotfioraci Palaeacanthaspidae Dobrowlania L. 
Dev. EEu. Kimaspis Dev. CAs. Kolymaspis L. Dev. NAs. 
Kosoraspis L. Dev. EEu. Palaeacanthaspis L. Dev. EEu. Ra- 
dotina [ Elolopetalichthys ] L. Dev. Eu. Romundina L. Dev. 
NNA. Weejasperaspididae Weejasperaspis L. Dev. Aus. 

order petalichthyida Macropetalichthyidae Ellopetali- 
chthys M. Dev. NNA. Epipetalichthys U. Dev. Eu. Lunas- 
pis L. Dev. Eu. Macropetalichthys [ Acanthaspis Agassi- 
chthys Heintzaspis Ohiodorulites Physichthys] M. Dev. NA. 
Eu. Notopetalichthys L. Dev. Aus. Quasipetalichthys M. Dev. 
EAs. Shearsbyaspis L. Dev. Aus. Wijeaspis L. Dev. SWAs. M. 
Dev. Spits. NAs. 

order phyllolepida Antarctaspidae Antarctaspis M. or U. 
Dev. Ant. Phyllolepididae Austrophyllolepis U. Dev. Aus. 
Phyllolepis [Pentagonolepis] U. Dev. Eu. EEu. Gr. NA. Aus. 
Placeolepis U. Dev. Aus. 

order arthrodira 

suborder actinolepina Actinolepidae Actinolepis M. Dev. 
EEu. L.-M. Dev. Spits. Aethaspis L. Dev. NA. Ailuracati- 
tha L. Dev. Eu. Anarthraspis [Svalbardaspis] L. Dev. NA. 
Baringaspis L. Dev. NNA. Bryantolepis [ Bryantaspis Eu- 
raspis Euryaspidichthys ] L. Dev. NA. Heightingtonaspis L. 
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Dev. Eu. NA. Kujdanowiaspis L. Dev. EEu. Lataspis 
[Lehmanosteus Plataspis] L. Dev. Spits. Mediaspis M. Dev. 
Spits. Proaetbaspis L. Dev. NA. Sigaspis L. Dev. Spits. 
Simblaspis L. Dev. NA. Steurtzaspis L. Dev. Eu. Szeaspis 
L. Dev. EAs. Goodradigbeeonidae Goodradtgbeeon L. Dev. 
Aus. 

suborder wuttagoonaspina Wuttagoonaspidae Wutta- 
goonaspis M. Dev. Aus. 

suborder phlyctaeniina Phlyctaeniidae Aggeraspis L. Dev. 
\ Eu. Arctaspis L. Dev. Spits. Arctolepis [Acantbaspis ]ae- 

kelaspis] L. ? M. Dev. Spits. Cartieraspis M. Dev. NA. 
Diadsomaspis L. Dev. Eu. Dicksonosteus L. Dev. Spits. 
Elegantaspis L. Dev. Spits. Gaspeaspis M. Dev. NA. 
j Heintzosteus L. Dev. Spits. Heterogaspis [Monaspis] L. Dev. 

Spits. Huginaspis M. Dev. Spits. Kolpaspis M. Dev. NA. 
Kueichowlepis L. Dev. EAs. Neophlyctaenius U. Dev. NA. 
Pageauaspis [Quebecaspis] M. Dev. NA. Phlyctaenius 
j [Pklyctaenaspis Batteraspis ] L. Dev. NA. Prosphymaspis L. 

] Dev. Eu. Holonematidae Belemnacanthus M. Dev. Eu. 

Deirosteus M. Dev. EEu. U. Dev. NA. SWAs. Deveo- 
I netna U. Dev. EEu. Groenlandaspis U. Dev. Eu. Gr. SWAs. 

: Aus. Ant. Gyroplacosteus [ Operchallosteus ] U. Dev. Eu. 

EEu. Holonema M. Dev. NAs. Ind. M.-U. Dev. Eu. EEu. 
NA. U. Dev. EEu. SWAs. Spits. NAf. NNA. Aus. Megal- 
oplax U. Dev. EEu. Rhenonema M. Dev. Eu. Tiaraspis L. 
Dev. Eu. Spits. Tropidosteus M. Dev. Eu. 

SUBORDER BRACHYTHORACI 

superfamily buchanosteoidea Buchanosteidae Arem- 
i piscis Buchanosteus Burrinjucosteus Errolosteus Parabu- 

cbanosteus Taemasosteus Toombsosteus L. Dev. Aus. 
i ?Williamsaspidae Williamsaspis L. Dev. Aus. 

- - superfamily heterosteoidea Heterosteidae Herasmius M. 

j Dev. Spits. Heterosteus [ Chelonicbtbys Heterostius 

; Icbtbyosauroides] M. Dev. Eu. EEu. Gr. Spits. 

superfamily homosteoidea Homosteidae Angaricbthys 
M. Dev. NAs. Euleptaspis [Leptaspis] L. Dev. Eu. Spits. 
Homosteus [Homostius] Trionyx L.-M. Dev. Spits. M. 
j Dev. Eu. EEu. Gr. NA. fLophostracon L. Dev. Spits. 

Luetkeichthys M. Dev. NAs. Tityosteus L. Dev. Eu. 

j 

superfamily brachydeiroidea Brachydeiridae Brachy- 
deirus \Brachydirus Auchenosteus ] U. Dev. Eu. Oxyos- 
teus [ Platyosteus ] U. Dev. Eu. EEu. Synaucbenia [Syn- 
osteus] U. Dev. Eu. Leptosteidae Leptosteus U. Dev. Eu. 
NA. 

superfamily coccosteoidea Gemuendenaspidae Ge- 
muendenaspis L. Dev. Eu. Coccosteidae Belgiosteus M. 
Dev. Eu. Clarkeosteus M. Dev. NA. ?U. Dev. Gr. Coc- 
costeus M. ?U. Dev. Eu. EEu. ?NA. Dickosteus M. Dev. 
Eu. Eldenosteus U. Dev. NA. Harrytoombsia U. Dev. 
Aus. Livosteus M.-U. Dev. EEu. Millerosteus M. Dev. Eu. 
EEu. Plourdosteus [ Pelycopborus Tomaiosteus] U. Dev. 
Eu. NA. NAs. Protitanichthys M. Dev. NA. Watsonos- 
teus M. Dev. Eu. W oodwardosteus [Liognathus Lispog- 
nathus] M. Dev. NA. Camuropiscidae Camuropiscis U. 
Dev. Aus. ?Rolfosteus Simosteus Tubonasus U. Dev. Aus. 
Pholidosteidae Malerosteus U. Dev. EEu. Pholidosteus U. 
Dev. Eu. Tapinosteus U. Dev. Eu. Incisoscutidae lttci- 
soscntum U. Dev. Aus. 


superfamily dinichthyloidea Dinichthyidae Bruntoni- 
chtbys U. Dev. Aus. Bullericbtbys U. Dev. Aus. Dini- 
chtbys [ Ponerichtbys ] U. Dev. NA. Dunkleosteus U. Dev. 
Eu. EEu. NAf. NA. Eastmanosteus M. Dev. NAf. M.-U. 
Dev. NA. U. Dev. Eu. EEu. SWAs. Aus. Gorgonicbtbys 
U. Dev. NA. Hadrosteus U. Dev. Eu. Heintzichthys 
[Stenognatbus] U. Dev. NA.? EEu. Holdenius U. Dev. 
NA. Hussakofia [Brachygnathus] U. Dev. NA. Kian- 
yousteus M. Dev. EAs. Leiosteidae Erromenosteus 
[ Leiosteus ] U. Dev. Eu. Trematosteidae Belosteus U. Dev. 
Eu. Brachyosteus U. Dev. Eu. Cyrtosteus U. Dev. Eu. 
Parabelosteus U. Dev. Eu. Trematosteus U. Dev. Eu. 

SUBORDER OR SUPERFAMILY INCERTAE SEDIS RachlOSteidae 

Racbiosteus U. Dev. Eu. Selenosteidae Braunosteus U. Dev. 
Eu. Enseosteus [Ottonosteus W alterosteus] U. Dev. Eu. 
Gymnotrachelus U. Dev. Eu. Microsteus [ Parawalteros - 
teus] U. Dev. Eu. Paramylostoma U. Dev. NA. Rbinos- 
teus U. Dev. Eu. Selenosteus U. Dev. NA. Stenosteus U. 
Dev. NA. EEu. Pachyosteidae Pachyosteus U. Dev. Eu. 
EEu. Mylostomatidae Dinomylostoma U. Dev. NA. Aus. 
Kendrickicbthys U. Dev. Aus. Mylostoma U. Dev. NA. 
fTafilalicbtbys U. Dev. NAf. Titanichthyidae Titanichthys 
[ Brontichthys ] U. Dev. EEu. NAf. NA. Bungardidae Bun- 
gartius U. Dev. NA. 

arthrodira incertae sedis Antarctolepis M. Dev. Ant. As- 
pidichthys [Anomalichthys Aspidophorus] U. Dev. Eu. NA. 
NAf. SWAs. Atlantidosteus L. Dev. NAf. Callognathus U. 
Dev. NA. Copanognathus U. Dev. NA. Cosmacanthus U. 
Dev. Eu. Diplognathus U. Dev. NA. Glyptaspis U. Dev. NA. 
Grazosteus ?M. Dev. Eu. Hollardosteus M. Dev. NAf. Lau- 
rentaspis M. Dev. NA. Machaerognathus U. Dev. NA. 
Murmur [ Euptycbaspis Ptychaspis ] Overtonaspis L. Dev. Eu. 
Prescottaspis L. Dev. Eu. Qataraspis L. Dev. SWAs. Tae- 
masosteus L. Dev. Aus. Taunaspis L. Dev. Eu. Timanosteus 
U. Dev. CAs. Trachosteus U. Dev. NA. Wheatbillaspis L. 
Dev. Eu. 

order antiarchi Bothriolepidae Bothriolepis [Bothryolepis 
Glyptosteus Homothorax Macrobracbius Parmphractus 
Pboebammon Placothorax Shurcabroma Stanacantbus] U. 
Dev. EEu. Eu. Ant. NA. Gr. CAs. M. Dev. NAs. Aus. 
SWAs. Dianolepis M. Dev. EAs. Grossilepis U. Dev. EEu. 
Eu. Aus. Hillsaspis U. Dev. Aus. Wudinolepis M. Dev. EAs. 
Yunnanolepts L. Dev. EAs. Astcrolepidae Asterolepis M.-U. 
Dev. EEu. NA. Eu. Gr. Spits. EAs. M. Dev. Aus. Byssacan- 
thus M.-U. Dev. EEu. Eu. Gerdalepis M. Dev. Eu. Micro- 
bacbius M. Dev. Eu. Pambulaspis U. Dev. Aus. Pterichth- 
yodes M. Dev. Eu. L. Dev. Aus. Remigolepis U. Dev. Aus. 
Eu. Stegolepts U. Dev. CAs. Sinolepidae Sitiolepis U. Dev. 
EAs. 

antiarchi incertae sedis Grossaspis M. Dev. EEu. Leda- 
polepis U. Dev. Eu. Taeniolepis U. Dev. EEu. 


PLACODERMI INCERTAE SEDIS 

Asiacanthus L. Dev. EAs. C hangyonophyton U. Dev. EAs. Dei- 
nodus M. Dev. NA. Hybosteus [ Coelosteichthys Grossosteus] 
M. Dev. EEu. Neopetalichtbys L. Dev. EAs. Nessariostoma L. 
Dev. Eu. Oestophorus M. Dev. NA. Sedowichthys M. Dev. NAs. 
Tollichtbys M. Dev. NAs. Yunnanacanthus Dev. CAs. 
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VERTEBRATE CLASSIFICATION 


CLASS CHONDRICHTHYES 

SUBCLASS ELASMOBRANCHII 
Superorder undesignated 

order ci.adoselachida Cladoselachidae Cladoselache [Cla- 
dodus] U. Dev. NA. Monocladodus U. Dev. NA. 

order CORONODONT1A Family not designated Coronodus U. 
Dev. NA. Diademodus [Tiarodontus\ U. Dev. NA. 

order symmoriida Symmoriidae Cobelodus [ Styptobasis \ 
Denaea U. Carb. NA. Symmorium [Cladodus] Miss. Eu. 
Penn. NA. Stethacanthidae Orestiacanthus Penn. NA. Ste- 
tbacanthus [ Cladodus Lambdodus Physonemus ) U. Dev. Penn. 
NA. Miss. Eu. 

order eugeneodontida (EDF.STIDA, HELICOPRIONIDA) 

superfamily caseodontoidea Caseodontidae Caseodus 
[ Orodus ] Penn. NA. Erikodus [ Agassizodus Copodus] U. 
Perm. Gr. Fadenia Penn. NA. U. Perm. Gr. Ornitho- 
prion Penn. NA. Romerodus Penn. NA. Eugeneodonti- 
dae Bobbodus Penn. NA. Eugetieodus Penn. NA. Gil- 
liodus Penn. NA. Caseodontoidea incertae sedis 
Campodus Penn. Eu. Chiastodus Penn. EEu. 

superfamily edestoidea (Edestida) Agassizodontidae 
(Helicoprionidae) Agassizodus [ Lophodus ] Miss. NA. 
Arpagodus Penn. As. Campyloprion ?Penn. EEu. Heli- 
coprion [ Lissoprioti ] L. Perm. Eu. ?WAs. EAs. Aus. NA. 
Sarcoprioti Perm. Gr. Toxoprion ?Penn. NA. Edestidae 
Edestus [ Edestes Edestodus Protospirata ] Penn. NA. Eu. 
EEu. Helicampodus U. Perm. lnd. L. Trias. WAs. Les- 
trodus [ Edestus ] Penn. Eu. Parabelicampodus L. Trias. 
Gr. Syntomodus U. Perm. EAs. 

ORDER ORODONTIDA Orodontidae tHercynolepis L. Dev. Eu. 
tLeiodus Miss. NA. ?Mesodmodus Miss. NA. Orodus \Hy- 
bodopsis] Miss. Eu. Penn. NA. 

order squatinactida Family not designated Squatinactics 
Miss. NA. 

Superorder euselachii 
order ctenacanthiformes 

superfamily ctenacanthoidea Ctenacanthidae Amela- 
canthus Ctenacanthus [ Eunemacanthus Sphenacanthus ] U. 
Dev. NA. Miss. Eu. C ratoselache Miss. Eu. Goodri- 
cbtbys [Moythomasina] Miss. Eu. Wodnika [Radamas] U. 
Perm. Eu. NA. Bandringidae Bandringa Penn. NA. 
Phoebodontidae Phoebodus M. Dev. Penn. NA. U. Dev. 
or L. Carb. EAs. Incertae sedis Carinacanthus Trias. NA. 
Acandylacanthus Miss. NA. Anaclitacanthus Miss. NA. 
Asteroptycbtus Miss. Eu. 

superfamii.y hybodontoidea Family not designated 
Arctacanthus [Ancistriodus Dolophonodus Hamatus 
Homacanthus] M. Perm. NA. U. Perm. Gr. Dabasacan - . 
thus Penn. NA. Moyacanthus Miss. Eu. Otfyhoselache 
Miss. Eu. Tristychius Miss. Eu. Hybodontidae Acrodon- 
chus M.-U. Trias. Eu. Acrodus [ Adiapneustes iPsilacan- 
thus Sphenonchus Thectodus ] L. Trias.-U. Cret. Eu. Trias. 
SAs. M. Trias.-U. Cret. NA. U. Trias. Spits. U. Cret. SA. 
Arctacanthus [ Dolophonodus Hamatus] M. Perm. NA. 


Gr. Asteracanthus f Curtodus Strophodus] U. Trias. -L. 
Cret. Eu. U. Trias. NA. Jur. EAs. Mad. Jur.-Paleoc. NAf. 
Bdellodus L. Jur. Eu. Carinacanthus U. Trias. NA. 
Coelosteus Miss. NA. Dicrenodus [ Carchariopsis Pristi- 
cladodus] Miss.-Penn. Eu. Miss. NA. Doratodus M.-U. 
Trias. Eu. Echinodus Penn. Eu. Eodrodus U. Dev. NA. 
Hybocladodus Miss. NA. Hybodonchus M.-U. Trias. Eu. 
Hyhodus [Leiacanthus Meristodon Orthybodus Parhy- 
bodus ?Selachidea] ?U. Perm. M. Trias.-U. Cret. Eu. L. 
Trias. Spits. L.-U. Trias. Gr. L. Trias.-U. Cret. NA. U. 
Trias. EAs. U. Trias. -Paleoc. At. Jur.-Cret. Aus. ?Lamb- 
dodus Miss. Eu. NA. Lissodus L. Trias. SAf. Lonchi- 
dion U. Cret. NA. Mesodmodus Miss. NA. ? Monocla- 
dodus Penn. NA. Nemacanthus [Desmacanthus 
Nematacanthus ] ?L. Trias. Gr. M. Trias.-U. Jur. Eu. U. 
Trias. Spits. NA. Orthacodus U. Jur.-L. Cret. Eu. Pa- 
laeobates M.-U. Trias. Eu. ?Petrodus [Octinaspis Osti- 
naspis ] Miss.-Penn. Eu. Penn. NA. Polyacrodus L. Trias. 
Gr. M.-U. Trias. Eu. Priorybodus U. Jur.-L. Cret. Af. 
Pristacanthus U. Jur. Eu. Prohybodus L. Cret. NAf. 
Protacrodus U. Dev. Eu. Scoliorhiza U. Trias. NA. 
Sphenacanthus Miss. -Perm. Eu. Styracodus [Centrodus] 
Penn. Eu. Symmorium Penn. NA. Xystrodus U. Perm. 
Eu. 

superfamily protacrodontoidea Tamiobatidae Hol- 
mesella Penn. NA. Protacrodus M.-U. Dev. Eu. NA. U. 
Dev. or L. Carb. EAs. Tamiobates Miss. NA. 

order xenacanthida (pleurocanthodii) Diplodoselachidae 
Diplodoselache Miss. Eu. Xenacanthidae (Xenacanthi Xen- 
acanthini) Orthacanthus [ Aganodus Compsacanthus Diplo- 
dus Diploctus Dissodus Dittodus Eucompsacanthus Ochlo- 
dus Pternodus] Carb. -Perm. Eu. Perm. NA. U. Dev or L. 
Carb. EAs. Pleuracanthus Penn. Eu. Xenacanthus [Hypo- 
spondylus Orthacanthus ] L. Perm. Eu. NA. Incertae sedis 
Anodontacanthus U. Carb. Eu. Bransonella Penn. NA. Dia- 
cranodus L. Perm. NA. Iriodus [ Expleuracanthus ] L. Perm. 
Eu. Phricacanthus Penn. Eu. Platyacanthus L. Perm. Eu. 

order galeomorpha Palaeospinacidae Palaeospinax U. Trias. 
L. Jur. Eu. Family undesignated Synechodus U. Jur. U. Cret. 
Paleoc. Eu. 

suborder heterodontoidea Heterodontidae R. lndo-Pac. 
Oc. Heterodontus [Cestracion Drepanephorus Gyropleurc 
dus Platyacrodus Pseudacrodus Tropidotus] U. Jur. Mioc. 
Eu. U. Cret. Mioc. SA. U. Cret. Eoc. Af. Mioc. Aus. NZ. 
R. lndo-Pac. Oc. Paracestracion U. Jur. Eu. Strongyliscus 
Mioc. WNA. 

suborder orectoloboidea Orectolobidae R. Oc. Bra- 
chaelurus U. Cret. NA. Eu. Cantioscyllium U. Cret. Eu. 
Corysodon Crossorhinops U. Jur. Eu. Ginglymostoma 
[Plicodus] U. Cret. Mioc. Eu. Af. U. Cret. Wind. U. Cret. 
Mioc. NA. Eoc. As. R. Oc. Mesiteia U. Cret. SWAs. M. 
~ Eoc. Eu. Crossorhinus [Palaeocrossorhinus] U. Jur. Eu. 
_) Orectolohoides L. Cret. Eu. Palaeocarch arias U. Jur. Eu. 

Phorcynus U. Jur. Eu. Squatirhina U. Cret. NA. U. Cret. 
Eoc. Eu. Paleoc. Eoc. Af. Squatirhynchus U. Cret. SWAs. 
Rhinocodontidae R. Oc. Hemiscyllidae Acanthoscyllium 
Almascyllium U. Cret. SWAs. Chiloscyllium U. Cret. NAf. 
Wind. Mioc. Eu. R. Oc. Parascyllidae Pararhincodon U. 
Cret. Eu. SWAs. 
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suborder lamnoidf.a Carchariidae (Odontaspidae) R. Oc. 
iAnotodus Olig. Plioc. Eu. Af. NA. Carcharias [Hypoto- 
dus fiekelotodus Odontaspis fPalaeohypotodus Parodon- 
taspis Priodontaspis Striatolamia Synodontaspis Triglochis] 
L. Cret. Plioc. Eu. U. Cret. Mioc. As. U. Crct. Plioc. SA. 
NZ. Af. U. Cret. Plcist. NA. Pleist. Elnd. R. Oc. Cretox- 
yrhinidae Cretolamna U. Cret. Eu. EAs. NAf. WAf. Mad. 
Cretoxyrbina U. Cret. Eu. NA. Paraisurus U. Cret. Eu. 
NA. Af. Plicatolamna U. Cret. SWAs. NA. Eu. Orthaco- 
dontidae Orthacodus [Parorthacodus Spbenodus] L. Jur. 
Eoc. Eu. U. Jur. Af. U. Cret. NA. Lamnidae (Carcharo- 
dontidae Isuridae) R. Oc. Carcharoides Mioc. Aus. SA. 
Carcharodon [Agassizodon Carcbariolamna Eocarcbaro- 
don Macrohizodus Megaselacbus Palaeocarcharodon] ?L. 
Cret. Paleoc. Pleist. Eu. Paleoc. Plioc. Af. Eoc. Pleist. NA. 
Olig. Pleist. Aus. Mioc. SAs. SA. Elnd. Mioc. Plioc. NZ. 
Wind. Mioc. Pleist. Aus. R. Oc. Isurolamna L. Eoc. Eu. 
lsurus [Carcharocles Cosmopolitodus Isuropsis Oxyrhina\ 
L. Cret. Pleist. Eu. U. Cret. Mioc. Wind, As. Aus. SA. U. 
Cret. Pleist. NA. Mioc. Mad. Mioc. Plioc. NZ. Pleist. Elnd. 
R. Oc. Lamiostoma Mioc. Eu. R. Oc. Lamna [ ?Eucblao - 
dus Jekelotodus Leptostyrax Otodus] L. Cret. Plioc. Eu. U. 
Cret. Aus. As. U. Cret. Eoc. Af. U. Cret. Pleist. NA. Tcrt. 
NZ. Palaeocorax U. Cret. Eu. WAs. Parisurus Procar- 
charodon Paleoc. Eoc. Af. Pseudocorax U. Cret. Eu. NA. 
U. Cret. Paleoc. Af. Pseudoisurus U. Cret. Eu. NAs. 
Squaltcorax [Anacorax Corax fXenolamia] U. Cret. Eu. U. 
Cret. Paleoc. NA. Mitsukurinidae R. Oc. Anomotodon U. 
Cret. NAf. SWAs. U. Cret. Eoc. Eu. Scapanorbyncbus L. 
Cret. Paleoc. Eu. U. Cret. SWAs. Aus. NZ. NA. SA. U. 
Cret. Paleoc. Af. R. NAtl. NPac. Cetorhinidae R. Oc. 
Cetorhmus [Harmoveria] Olig. Plioc. Eu. Mioc. Plioc. NA. 
R. Oc. Alopiidae R. Oc. Alopias [ Alopecias Vulpecula ] Eoc. 
NA. Af. Olig. Mioc. Eu. Mioc. Wind. Plioc. SA. R. Oc. 

suborder carcharhinoidea Scyliorhinidae (Scylliidae) R. 
Oc. Galeus U. Jur. Plioc. Eu. Eoc. NA. Af. R. Oc. Pa- 
laeoscyllium U. Jur. U. Cret. Eu. Pararbirtcodon U. Cret. 
Eoc. Eu. U. Cret. NA. Pristiurus U. Jur. Eu. R. Oc. Pro- 
togaleus Paleoc. Eoc. NAf. Pteroscyllium U. Cret. SWAs. 
Scyliorhinus [Scyllium Thyellina ] U. Cret. SWAs. U. Cret. 
Mioc. NA. U. Cret. Plioc. Eu. Paleoc. Eoc. Af. R. Oc. 
fScylliodus U. Cret. Eu. fTrigonodus Eoc. Eu. Pseudo- 
triakidae R. Oc. Archaeotriakis U. Cret. NA. Triakidae 
(Mustelidae) R. Oc. Mustelus [ Galeus ] Olig. Plioc. Eu. R. 
Oc. Paratriakis U. Cret. Eu. SWAs. Triakis ?U. Cret. Eu. 
Paleoc. Wind. Carcharhinidae R. Oc. Alopiopsis [Pseudo- 
galeus] Eoc. NAf. Eoc. Olig. Eu. R. Oc. Aprionodon 
[. Aprion ] Eoc. Af. Eoc. Plioc. Eiu. Mioc. As. R. Oc. Car- 
charhinus Mioc. Plioc. Eu. Af. Mioc. Pleist. NA. ?01ig. 
Mioc. SA. Mioc. Aus. Plioc. Elnd. R. Oc. Fogaleus M. 
Eoc. Eu. Galeocerdo Eoc. Mioc. NAf. Eoc. Plioc. NA. Eu. 
Mioc. Wind. SA. Mioc. Plioc. As. Aus. Pleist. Elnd. R. Oc. 
Galeorbinus U. Cret. Eoc. NAf. Eoc. Pleist. Eu. NA. R. 
Oc. Hemipristis Eoc. Mioc. NA. Af. Eoc. Plioc. Eu. Mioc. 
As. Aus. SA. Mioc. Pleist. Elnd. R. Red Sea Indian Oc. 
Hypoprton Eoc. NA. Mioc. Eu. Af. R. Oc. Negaprion Eoc. 
Mioc. NA. R. Oc. Pbysodon Eoc. Af. Eoc. Mioc. Eu. R. 
Oc. Prionace Pleist. NA. R. Oc. Prionodon [Glypbis] Eoc. 
Af. Eoc. Plioc. Eu. NA. Olig. Mioc. SA. Mioc. As. Wind. 
R. Oc. Scoliodon [Loxodon Rhizoprinodon] Eoc. Af. Eoc. 
Mioc. Eu. Eoc. Pleist. NA. R. Oc. Sphyrnidae Spbyrna 


[Zygaena] Eoc. Plioc. Eu. Eoc. Pleist. NA. Mioc. Af. Aus. 
Plioc. Elnd. SA. R. Oc. 

suborder hexanchoidea Hexanchidae (Notidanidae) R. 
Oc. Hexartchus R. Oc. U. Cret. SWAs. U. Eoc. Aus. U. 
Cret. Tert. Eu. NAf. Heptrancbias [Notidanodon\ R. Oc. 
Cret. Mioc. NA. Olig. EAs. U. Eoc. Aus. L. Cret. Eu. 
Notoryncbus R. Oc. Mioc. Aus. Cret. Mioc. NA. “Not/- 
dartus ” L.-U. Jur. Eu. Chlamydoselachidae R. NAtl. NPac. 
Cblamydoselache Mioc. Wind. Plioc. Eu. R. NAtl. NPac. 

ORDER SQUALOMORPHA 

SUBORDER squaloidea Squalidae R. Oc. C entrophoroides 
U. Cret. SWAs. Centropborus ?U. Cret. Mioc. Eu. R. Oc. 
Centropterus U. Cret. Eu. Centroscymnus Mioc. Wind. R. 
Oc. Centrosqualus U. Cret. SWAs. Cheirostephanus Mioc. 
Wind. Cretascymnus U. Cret. SWAs. Etmopterus [Spinax | 
?U. Cret. Mioc. Eu. R. Oc. Oxynotus \Centrina] Mioc. 
Plioc. Eu. R. Oc. Protospinax U. Jur. Eu. Protosqualus L. 
Cret. Eu. Squalus [Acanthias] U. Cret. Plioc. Eu. Paleoc. 
Eoc. NAf. Olig. SA. Mioc. Aus. Mioc. Pleist. NA. R. Oc. 
Dalatiidae (Scymnorhinidae) R. Oc. Dalatias [Scymnus 
Scymnorbinus ] U. Cret. SWAs. NA. Eoc. Plioc. Eu. R. Oc. 
Isitius U. Cret. Eoc. Af. Eoc. Mioc. Eu. R. Oc. Somnio- 
sus [Laemargus] Eoc. NAf. R. Oc. Echinorhinidae R. Oc. 
Echinorhinus \?Goniodus] Eoc. Mioc. NA. Plioc. Eu. R. 
Oc. 

suborder prisi iophoroidea Pristiophoridae R. Oc. Pli- 
otrema Tert. NZ. R. Oc. Pristiopborus U. Cret. SWAs. 
Mioc. Eu. NA. Mioc. Plioc. Aus. R. Oc. Propristtopborus 
U. Cret. SWAs. 

suborder SQUATINOidea Squatinidae (Rhinidae) R. Oc. 
Squatina [Rhina Thaumas 1'rigenodus ] U. Jur. Plioc. Eu. U. 
Cret. SWAs. U. Cret. Pleist. NA. Eoc. Af. Mioc. Aus. R. 
Oc. 

ORDER BATOIDEA 

suborder torpedinoidea Torpedinidae R. Oc. Eotorpedo 
Paleoc. Eoc. Af. M. Eoc. Eu. Narcine Eoc. Eu. R. Oc. 
Narcopterus Eoc. Eu. Torpedo [ Narcobatus ] ?Eoc. Eu. R. 
Oc. Narkidae Temeridae R. Oc. 

suborder pristoidf.a Pristidae R. Oc. Anoxypristis [Oxy- 
pristis\ Eoc. Eu. Ctenopristis U. Cret. SWAs. Paleoc Af. 
Marckgrafia L. Cret. Paleoc. NAf. Onchopristis L.-U. Cret. 
NAf. U. Cret. NA. Onchosaurus [Dalpiazia Giganti- 
chthys] U. Cret. Eu. NA. SA. U. Cret. Paleoc. NAf. Pey- 
eria U. Cret. NAf. Pristis [Myripristts Pristibatus] ?U. Cret. 
Eoc. NA. Eoc. Mioc. Eu. As. Eoc. Af. Mioc. Plioc. Aus. 
Propristis [. Amblypristis Eopristis\ Eoc. NAf. NA. Schizor- 
hiza U. Cret. SWAs. NA. SA. U. Cret. Paleoc. Af. 

suborder rhinobatoidea Rhynchobatidae R. Oc. Rbytt- 
cbobatus Cret. Af. Eoc. Mioc. Eu. R. Oc. Rhinobatidae R. 
Oc. Aellopos [ Euryarthra Spathobatis\ Asterodermus Be- 
lemnobatis U. Jur. Eu. Cy clarthrus L. Jur. Eu. Platyrhina 
Eoc. Eu. R. NPac. Protoplatyrhina U. Cret. NA. Rhino- 
batos \Rhinobatus\ L. Cret. Mioc. Eu. U. Cret. SWAs. U. 
Cret. Eoc. NAf. R. Oc. Rbombopterygia U. Cret. SWAs. 
Trygonorrhina Eoc. Mioc. Eu. R. Oc. 

suborder RAjoiDEA Rajidae R. Oc. Acanthobatis Mioc. Eu. 
Cyclobatis U. Cret. SWAs. ?Dynatobatis ?Plioc. SA. On- 
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cobatis Plioc. NA. Pararaja U. Cret. SWAs. Platyspondy- 
lus L.-U. Cret. NAf. Raja \Actinobatis Raia\ ?U. Cret. 
SWAs. Wind. U. Cret. Plioc. Eu. U. Cret. Eoc. NAf. Eoc. 
Mioc. NA. R. Oc. Sclerorhynchidae Ankystrorbynchus U. 
Cret. Eu. NA. Iscbyrhiza U. Cret. NA. Libanopristis Mi- 
cropristis U. Cret. SWAs. Pucapristis U. Cret. SA. Sclero- 
rhynchus [Ganopristis] U. Cret. Paleoc. Eu. Af. U. Cret. 
Eoc. SWAs. Pseudorajidae Anacanthobatidae R. Oc. 

suborder myliobatoidea Urolophidae R. Oc. Urolophus 
| Leiobatis] M. Eoc. Eu. Pleist. NA. R. Oc. Dasyatidae 
(Trygonidae) R. Oc. Dasyatis [Dasibatus Dasybatus He- 
liobatis Palaeodasybatis Pastinachus Trygon Xiphotrygus] 
?L. Cret. M. Eoc. Eu. U. Cret. NAf. M. Eoc. Pleist. NA. 
U. Cret. SA. Mioc. As. Aus. Pleist. EInd. R. Oc. Grypho- 
dobatis Plioc. NA. Hypolophites U. Cret. Eoc. Af. Para- 
palaeobates U. Cret. SWAs. NAf. Rhombodus U. Cret. Eu. 
SWAs. NAf. SA. Taeniura M. Eoc. Plioc. Eu. R. Oc. Po- 
tamotrygonidae R. Af. SA. Potamotrygon Pleist. R. Af. R. 
SA. Gymnuridae R. Oc. Gymnura [ Pteroplatea } Mioc. NA. 
R. Oc. Mobulidae R. Oc. Burmhamia L. Eoc. Eu. Eom- 
anta L. Olig. Eu. Manta Mioc. Plioc. NA. Mioc. Eu. R. 
Oc. Paramobula L. Olig. Eu. Rhinopteridae R. Oc. Rhin- 
optera [ Zygobatis ] U. Cret. Plioc. Eu. U. Cret. Mioc. Af. 
U. Cret. Mioc. Plioc. SA. Eoc. Mioc. NA. Mioc. As. My- 
liobatidae R. Oc. Aetobatus f Plinthicus] Paleoc. Plioc. Eu. 
Eoc. Mioc. Af. Eoc. Pleist. NA. Mioc. SAs. SA. R. Oc. 
Apocopodon U. Cret. NA. SA. Brachyrhizodus U. Cret. 
NA. Hypolophites Paleoc. WAf. Igdabatis U. Cret. WAf. 
Mesibatis Plioc. NA. Myliobatis [Ichthyaetus Ptychopleu- 
rus 1 U. Cret. Plioc. Eu. NA. Paleoc. Eoc. Af. Eoc. Mioc. 
As. Mioc. Pleist. Aus. Mioc. Plioc. SA. Tert. NZ. R. Oc. 
Promyliobatis M. Eoc. Eu. Pucabatis U. Cret. SA. Incer- 
tae sedis Ptychotrigon M. Eoc. Eu. U. Cret. NA. 

PRESUMED ELASMOBRANCHII REMAINS NOT 
IDENTIFIABLE TO ORDER 

ISOLATED NEUROCRANIA 

“ Cladodus ” hassiacus U. Dev. Eu. “ Cladodus ” wildungensis 
U. Dev. Eu. “ Tamiobatis ” ?L. Carb. NA. 

ISOLATED TEETH OR PARTS OF DENTITIONS 

Ageleodus f Callopristodus Ctenoptychius ] Miss. Eu. Cat- 
ch drop is [ Dicrenodus ] Miss. Eu. Cladodus ubiquitous in Pa- 
leozoic Crassidonta L. Perm. NA. Cynopodius Miss. Eu. Eoor- 
odus U. Dev. NA. Euglossodus Miss. Eu. Hybocladodus Miss. 
NA. Lambdodus [ Dicentrodus ] Penn. NA. “Lophodus” Me- 
sodmodus Miss. NA. Pleurodus L. Carb. Eu. Pristicladodus 
Rhamphodus Miss. Eu. Centrodus [Styracodus] Penn. Eu. 
Venustodus Miss, NA. 

MUCOUS MEMBRANE DENTICLES 

Echinodus Miss. Eu. Multidentodus L. Carb. NA. “ Scolo - 
podus ” Thrinacodus Miss. NA. 

DERMAL DENTICLES 

Cladolepis M. Dev. NA. Deirolepis [ Deviolepis ] M. Dev. NA. 
Elegestolepis U. Sil. EEu. Ellesmereia L. Dev. NNA. Listra- 
canthus Penn. NA. Maplemillia U. Dev. NA. Ohiolepis M. 
Dev. NA. Petrodus Ostinaspis Miss. EEu. 

ICHTHYODORULITES (SPINES) 

Aganacanthus Miss. Eu. Amacanthus f Homacanthus ) Miss. 
NA. Antacanthus Miss. Eu. Batacanthus Miss. NA. Bulbo- 
canthus L. Dev. NA. Bythiacanthus Miss. NA. Chalazacan- 


thus Miss. Eu. Cosmacanthus [ Leptacanthus | Dev. Eu. Dre- 
panacanthus \Drepanocanthus\ Penn. NA. Euctenius Miss. 
Eu. E uctenodopis Miss. Eu. Euphyacanthus Miss. Eu. Glym- 
matacanthus Miss. NA. Gnathacanthus Miss. Eu. Homacan- 
thus Dev. EEu. Lispacanthus Miss. Eu. Lophacanthus Penn. 
Eu. Margaritacanthus [ Euacanthus ] Miss. EEu. Metaxyacan- 
thus [ Dactylodus ] M. Carb. EEu. Ostracanthus U. Carb. Eu. 
Physonemus Miss. Eu. Ptychacanthus Miss. Eu. Stichacanthus 
Miss. Eu. Thaumatacanthus U. Perm. Ind. Tubulacanthus L. 
Perm. EEu. Xystracanthus Penn. NA. 

SUBCLASS HOLOCEPHALI 

ORDER CHondrenchfi.yiformes Chondrenchelyidae Chon- 
drenchelys Miss. Eu. Harpagofututor U. Miss. NA. fPla- 
tyxystrodus Carb. NA. jSolenodus Penn. Eu. 

order copodontiformes Copodontidae Acmoniodus U. Dev. 
NA. Copodus [ Characodus fDimyleus Labodus Mesogom- 
phus Mylacodus Mylax Pinacodus Pleurogomphus Rhymo- 
dus\ Miss. Eu. NA. 

order psammodontiformes Psammodontidac Lagarodus 
Miss. Penn. Eu. Mazodus Miss. NA. Psammodus [ Ara - 
chaeobatis Astrobodus Homalodus] ?U. Dev. Miss. NA. Miss. 
Eu, 

ORDER INCERTAE SEDIS 

suborder cochliodontoidei Cochliodontidae Cochliodus 
[Chitinodus Cyrtonodus] Miss. Penn. Eu. Miss. NA. 
fCranodus Crassidonta L. Perm. Aus. fCymatodus Penn. 
NA. Deltodus [Deltodopsis Stenopterodus Taeniodus) Miss. 
Eu. Miss. Penn. NA. Perm. Aus. Dichelodus Diplacodus 
Miss. Eu. ?Erismacanthus [ Cladacanthus Dipriacanthus 
Gampsacanthus Lecracanthus] Miss. Eu. NA. ?Aus. Helo- 
dopsis Perm. SAs. Icanodus [Enniskillen Eutomodus] Miss. 
Eu. NA. Perm. Aus. tMacrodontacanthus L. Perm. NA. 
fMenaspacanthus Miss. Eu. Platyodus Miss. NA. Poecilo- 
dus Miss. Eu. Miss. Penn. NA. ?Perm. Aus. Psephodus 
[Aspidodus] Miss. Penn. Eu. Miss. L, Perm. NA. Penn. 
SAs. Sandalodus [i Ortho pleurodus Trigonodus Vaticino- 
dus ] U. Dev. Penn. NA. Miss. Eu. Synthetodus U. Dev. 
NA. Thoralodus U. Dev. Eu. Xenodus [Goniodus] U. Dev. 
NA. 

suborder helodontoidei Helodontidae Helodus [Diclito- 
dus Pleurodus Pleuroplax ] U. Dev. L. Perm. NA. Miss. 
Penn. Eu. Perm. Aus. Venustodus [Lophodus Oxytomo- 
dus fRhampodus Tomodus] Miss. Eu. NA. 

suborder menaspoidei Menaspidae Deltoptychius \ t Anta- 
canthus Listracanthus f Lophocanthus Phigeacanthus 
tPhncacanthus Platacanthus Platycanthus Streblodus ] Miss. 
Penn. Eu. NA. Menaspis [fAsima fRadamus] U. Perm. Eu. 

suborder squalorajoidei Squalorajidae Squaloraia [Spi- 
nocorhittus ] L. Jur. Eu. 

suborder myriacanthoidei Acanthorhinidae Acanthor- 
hina L. Jur. Eu. Chimaeropsidae Chimaeropsis L. U. Jur. 
Eu. Myriacanthidae Myriacanthus [Metopacanthus Prog- 
nathodus] L.-M. Jur. Eu. 

ORDER CHIMAER1FORMES 

SUBORDER AND FAMILY UNNAMED DelphyodontOS U. Miss. 

NA. 
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suborder ECHiNOCHiMAEROiDEi Echinochimaeridae Echin- 
ochirnaera U. Miss. NA. Marracanthus Miss. NA. 

suborder Chimaeroidei Chimaeridae R. Oc. Brachymylus 
[. Aletodus ] L.-U. Jur. Eu. Chimaera [ Plethodus } U. Cret. 
Aus. Eoc. Plioc. Eu. Tert. EInd. NZ. R. Oc. Edaphodon 
[Bryactinus Dipristis Driphrissa Eumylodus 'Isotaenia 
? Leptomylus Loxomylus Mylognathus Passalodon Psitta- 
codon ISphagepoea] L. Cret. Plioc. Eu. U. Cret. Eoc. NA. 
Mioc. Plioc. Aus. Ganodus [ Leptacanthus ] U. Jur. Eu. 
?Ichthypriapus U. Cret. NA. Ischyodon ?Mioc. Aus. Is- 
' *" chyodus [ Auluxacanthus Chimaer acanthus] M. Jur. Pa- 
leoc. Eu. Cret. NZ. Myledaphus U. Cret. NA. Pachymy- 
lus M. Jur. Eu. Psaliodus Eoc. Eu. Similibariotta U. Carb. 
NA. Rhinochimaeridae R. Oc. Amylodon Olig. Eu. Elas- 
modectes [ Elasmognathus ] U. Jur. U. Cret. Eu. Elasmo- 
dus U. Cret. Eoc. Eu. Callorhinchidae R. Oc. Callorhin- 
chus [ Callorhynchus ] U. Cret. NZ. Mioc. SA. R. Oc. 

CHONDRICHTHYES SUBCLASS INCERTAE SEDIS 

order iniopterygiformes Iniopterygidae Iniopteryx Penn. 
NA. Sibyrhynchidae Sibyrhynchus Penn. NA. Iniopera Penn. 
NA. Inioxyele Penn. NA. 

order petalodontida Family not designated Antiodus 
[' Chomatodus \ Miss. NA. Chomatodus [ Chromatodus Pa- 
laeobatis Petalodus Psammodus] Miss. Eu. Carb. NA. Cten- 
optychius [Petalodus] Penn. Eu. Fissodus [Cholodus] Miss. 
Eu. NA. Carb. NA. Glyphanodus [Glyphanodon] Miss. Eu. 
Harpacodus [Ctenopetalus Ctenopty chins] Miss. Eu. Janassa 
[Acrodus Byzenos Climaxodus Cymatodus Dictea lanassa 
tPeltodus Strigilina Thoracodus Trilobites ] Miss. L. Perm. 
NA. Miss. U. Perm. Eu. L. Perm. Gr. Miss. Perm. EEu. 
Lisogodus Miss. NA. Paracymatodus [Cymatodus Cimato- 
dus] Miss. EEu. Petalodus [Ctenopetalus Getalodus Sicarius] 
Miss. Eu. U. Dev. or L. Carb. EAs. Petalorhynchus [ Petalo- 
dus | Miss. NA. Eu. EEu. U. Perm. Ind. Polyrhizodus [Cten- 
optychius Dacatylodus Petalodus Rhomboderma] Miss. Eu. 
EEu. Carb. NA. Serratodus Miss. Eu. Tanaodus [Chomato- 
dus Tonaodus] Miss. NA. Eu. Pristodontidae Pristodus 
[Diodontopsodus Hoplodus Petalorhynchus Pristicladodus] 
Miss. Eu. Megactenopetalus [Megactenopectalodus] L.-M. 
Perm. NA. M.-U. Perm. EAs. U. Perm. WAs. Peripristis 
[Ctenopty chius] Miss. Perm. NA. 


CLASS INCERTAE SEDIS ACANTHODII 

order climatiiformes Climatiidae Brachyacanthus L. Dev. 
Eu. ?Brochoadamones L. Dev. NNA. Cheiracanthoides 
[Helolepis] M. Dev. NA. Climatius U. Sil. L. Dev. Eu. NA. 
EEu. Eiffellepis M. Dev. Eu. Erriwacanthus U. Sil. Eu. L. 
Dev. EEu. Euthacanthus L. Dev. Eu. Latviacanthus L. Dev. 
EEu. Lupopsyrus L. Dev. NNA. Nostolepis [Dendracanthus 
Diplacanthoides Dontacanthus Rhabdiodus ] U. Sil. L. Dev. 
Eu. EEu. Gr. Spits. Parexus L. Dev. Eu. Pruemolepis M. 
Dev. Eu. Ptomacanthus L. Dev. Eu. EEu. Sabrinacanthus L. 
Dev. Eu. Vernicomacanthus L. Dev. Eu. Welteldorifa M. Dev. 
Eu. Diplacanthidae Diplacanthus [Rhadinacanthus] M. Dev. 
Eu. EEu. U. Dev. NA. Gladiobranchus L. Dev. NNA. Gyr- 
acanthidae Agnacanthus Miss. Eu. Antacanthus Miss. Eu. 
Gyracanthus L. Dev. Penn. NA. ?L. Dev. Penn. Eu. Ora- 
canthus Miss. NA. Eu. 


order ischnacanthiformes Ischnacanthidae Acanthodopsis 
Penn. Eu. Apateacanthus U. Dev. NA. Atopacanthus U. Dev. 
Eu. EEu. Doliodus ?M. Dev. NA. Gomphonchus [Gotnpho- 
dus Poracanthodes] U. Sil. Eu. EEu. L. Dev. NA. Spits. Gr. 
?SAs. Helenacanthus L. Dev. NA. Ischnacanthus L. Dev. Eu. 
NA. Marsdenius Miss. Eu. Persacanthus U. Dev. SWAs. 
fPlectrodus U. Sil. Eu. Rockycampacanthus L. Dev. Aus. 
Taemasacanthus L. Dev. Aus. Uraniacanthus L. Dev. Eu. 
Xylacanthus L. Dev. Spits. 

order acanthodiformes Acanthodidae Acanthodes Miss. L. 
Perm. Eu. Miss. Aus. SAf. Penn. L. Perm. Eu. U. Dev. or L. 
Carb EAs. Carycinacanthus Miss. EEu. Cheiracanthus M. 
Dev. Eu. EEu. ?Ant. Homalacanthus U. Dev. NA. Miss. EEu. 
Mesacanthus L.-M. Dev. Eu. Protogonacanthus U. Dev. Eu. 
Pseudacanthodes [ Protacanthodes ] Penn. Eu. Traquairi- 
chthys [Traquairia] Penn. Eu. ?L. Perm. ?NA. Triazeuga- 
canthus U. Dev. NA. 


ACANTHODIANS INCERTAE SEDIS 

Antarchtonchus M. or U. Dev. Ant. Archaeacanthus M. Dev. 
EEu. Byssacanthoides M. or U. Dev. Ant. Campylodus U. Sil. 
EEu. L.-M. Dev. Eu. Devononchus U. Dev. EEu. Eupleurogmus 
Miss. Aus. Gemuendolepis L. Dev. Eu. Haplacanthus M.-U. 
Dev. EEu. ?M. Dev. ?Gr. Holmesella Penn. NA. Homacanthus 
M.-U. Dev. EEu. U. Dev. Penn. Eu. U. Dev. NA. Machaeracan- 
thus | Dinacanthodes ] L.-M. Dev. Eu. L. Dev. NAf. L.-M. Dev. 
NA. Monopleurodus U. Sil. EEu. Nodacosta L.-M. Dev. EEu. 
Nodonchus L. Dev. Eu. Onchus [Leptocheles] L. Sil. L. Dev. 
NA. U. Sil. L. Dev. Eu. L.-U. Dev. EEu. Pinnacanthus L. Dev. 
NA. Protodus L.-M. Dev. NA. Ptychodictyon M. Dev. EEu. 
Sinacanthus M. Dev. EAs. Striacanthus M.-U. Dev. Aus. 


CLASS OSTEICHTHYES 

SUBCLASS ACTINOPTERYC.il 
INFRACLASS CHONDROSTEI 
ORDER PALAEONISUFORMES 

suborder palaeoniscoidea Cheirolepidae Cheirolepis M. 
Dev. Eu. U. Dev. NA. Stegotrachelidae fBorichthys Miss. 
Eu. Kentuckia Miss. NA. Mimia U. Dev. Aus. Moytho- 
masia M.-U. Dev. Eu. U. Dev. Aus. Orvikuina M. Dev. 
Eu. Stegotrachelus Dev. Eu. ?U. Dev. NA. Ant. Tegeole- 
pidae Tegeolepis [Actinophorus] U. Dev. NA. Rhabdolepi- 
dae Osorioichthys [Stereolepidella Stereolepis] U. Dev. Eu. 
Rhabdolepis L. Perm. Eu. Rhadinichthyidae Aetheretomon 
Miss. Eu. Cycloptychius Miss. NAs. Miss. Penn. Eu. ?Eu- 
rylepidoides L. Perm. NA. Rhadinichthys Miss. Af. Miss. 
Penn. Eu. Penn. ?M. Trias. SA. Rhadinoniscus Strepheos- 
chema Miss. Eu. Carbovelidae Carboveles Miss. Eu. Pha- 
nerosteon [Gymnoniscus Sceletophorus] Miss. L. Perm. Eu. 
fSphaerolepis [Trissolepis] L. Perm. Eu. Canobiidae Can- 
obius Mesopotna Miss. Eu. Whiteichthys Penn. Gr. Cor- 
nuboniscidae Cornuboniscus Miss. Eu. Styracopteridae Be- 
nedenius [Benedenichthys] Styracopterus [? ‘Fouldenia] Miss. 
Eu. Cryphiolepidae Cryphiolepis Miss. Eu. Holuriidae 
Holuropsis U. Perm. Eu. Holurus Miss. Eu. Cosmoptychi- 
idae Cosmoptrychius Miss. Eu. Watsonichthys Miss. Eu. L. 
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Perm. SAf. Pygopteridae Nematoptychius Miss. Eu. Py- 
gopterus M. Perm. Gr. U. Perm. L. Trias. Eu. L. Trias. 
SAf. Spits. Elonichthyidae Drydenius Miss. Perm. Eu. 
Elonicbthys [ Ganacrodus ?Pariostegus ?Propalaeoniscus | 
Miss. U. Perm. Eu. Miss. Penn. ?U. Trias. NA. Miss. U. 
Perm. ?U. Trias. Aus. L. Perm. SAf. M. Perm. Gr. U. 
Perm. SA. PTrias. WAf. Ganolepis Perm. NAs. Gonato- 
dus Miss. NA. Miss. Penn. EU. Acrolepidae Acrolepis Miss. 
L. Perm. NA. Miss. U. Perm. Eu. Penn. SA. Penn. L. Perm. 
NAs. PL.-U. Perm. SAf. PTrias. Aus. Acrorbabdus L. Trias. 
Spits. Gr. Boreosomus [Diaphorognathus] L. Trias. Gr. 
Spits. Mad. PM. Trias. NA. Hyllingea U. Trias. Eu. Lep- 
togenichthys M. Trias. Aus. Mesonicbthys Miss. Eu. Na- 
maichthys L. Perm. SAf. Plegmolepis M. Perm. Gr. Reti- 
culolepis PMiss. U. Perm. Eu. Tbolonotus L. Perm. SA. 
Coccocephalichthyidae Coccolcephalicbtbys [Coccocephalus 
Coccotiiscus] Penn. Eu. Amblypteridae Amblypterina U. 
Perm. Eu. Amblypterus L.-U. Perm. Eu. PL. Perm. NA. 
As. PM. Trias. SA. ILawnia L. Perm. NA. Aeduellidae 
Aeduella L. Perm. Eu. Commentryidae Commentrya 
[Elaveria] Par amblypterus [ Amblypterops Cosmopoma 
Dipteroma ] L. Perm. Eu. Palaeoniscidae ' Aegicephali- 
chthys M. Trias. Aus. Cosmolepis [Oxygnathus Thrisson- 
otus] L. Jur. Eu. fGyrolepidoides M. Trias. SA. Gyrolepis 

L. Trias. EAs. M.-U. Trias. Eu. U. Trias. NA. Palaeonis- 
cum [Eupalaeoniscus Geomichthys Palaeoniscus Palaeoth- 
rissum] PL. Perm. NA. PL. Perm. U. Perm. PL. Trias. Eu. 

M. Perm. Gr. L. Trias. Spits. PEAs. ?U. Trias. Aus. Pro- 
gyrolepis L. Perm. Eu. NA. Pteronisculus [ Glaucolepis ] L. 
Trias. Spits. Gr. Mad. Aus. ?Trachelacanthus L. Perm. Eu. 
Turseodus [Eurecana Gwyneddichthys] U. Trias. NA. 
Westollia [Lepidopterus] L. Perm. Eu. Dicellopygidae 
fAneurolepis [ Urolepis ] M.-U. Trias. Eu. fBracbydegma L. 
Perm. NA. Dicellopyge L. Trias. SAf. Boreolepidae Bo- 
reolepis U. Perm. Gr. Birgeriidae Birgeria \Xenestes ] L. 
Trias. Spits. Gr. NA. Mad. L.-U. Trias. Eu. Ohmdenia L. 
Jur. Eu. fPsilichtbys Trias, or Jur. Aus. Scanilepidae 
Scanilepis L. Trias. Spits. U. Trias. Eu. Centrolepidae 
Centrolepis L. Jur. Eu. Coccolepidae Browneichthys L. Jur. 
Eu. Coccolepis [ fPalaeoniscionotus ] L. Jur. L. Cret. Eu. M. 
Jur. As. Jur. Aus. 

suborder platysomoidei Platysomidae Mesolepis [Podo- 
dus\ Miss. Penn. Eu. Paramesolepis Miss. Eu. Platysomus 
[fPonipoichthys Uropteryx] Miss. U. Perm. Eu. Miss. L. 
Perm. L. Trias. NA. M. Perm. M. Trias. Gr. PL. Trias 
Spits. U. Trias. Aus. Chirodontidae (Amphicentridae) 
Cheirodopsis Miss. Eu. Chirodus [Amphicentrum Cheiro- 
dus Hemicladodus] Miss. Penn. Eu. NA. Eurynothus [Eu- 
rynotus Notacmon Plectrolepis] Miss. Penn. Eu. NA. Penn. 
NAs. PM. Trias. SA. Globulodus [ Eurysomus ] Lekani- 
chthys U. Perm. Eu. Paraeurynotus L. Perm. Eu. Proteu- 
rynotus Miss. Eu. Bobastraniidae Bobastrania L. Trias. 
Spits. NA. Gr. Mad. ?Caruichthys L. Trias. SAf. Ebena- 
qua U. Perm. Aus. Ecrinesomus L. Trias. Mad. Lambei- 
chthys L. Trias. NA. 

order haplolepiformes Haplolepidae Haplolepis [ Eurylepis 
Mecolepis Mekolepis Parahaplolepis ] Pyritocephalus [Te- 
leopterina ] Penn. Eu. NA. 

order dorypteriformes Dorypteridae Dorypterus L. Perm. 
EAs. U. Perm. Eu. 


order tarrasiiformes Tarrasiidae Tarrasius Miss. Eu. Par- 
atarrasius Miss. NA. 

order ptycholepiformes Ptycholepidae Ptycbolepis M. Trias. 

L. Jur. Eu. U. Trias. NA. 

order pholidopleuriformes Pholidopleuridae Arctosomus 
[ Neavichthys ] L. Trias. NAs. Australosomus L. Trias. Af. 
Mad. Gr. M. Trias. Spits. Macroaethes M. Trias. Aus. 

Pholidopleurus M.-U. Trias. Eu. 

order LUGANOHFORME.S Luganoiidae Besania Luganoia M.-U. 
Trias. Eu. Habroichtyidae Habroichthys Nannolepis U. Trias. 
Eu. Thoracopteridae Gigantopterus U. Trias. Eu. Thoracop- 
terus [ Pterygopterus ] PL. Trias. NA. M. Trias. Aus. U. Trias. 
Eu. 

order redfieldiiformes Redfieldiidae (Catopteridae Dic- 
tyopygidae) Atopocephala L. Trias. SAf. ?Beaconia Brook- 
valia M. Trias. Aus. Cionichtbys U. Trias. NA. Daedali- 

chthys L. Trias. SAf. ?Dictyopleurichthys M. Trias. Aus. 

Dictyopyge U. Trias. NA. Geitonichthys M. Trias. Aus. 

Helichthys L. Trias. SAf. Iscbnolepis L. Trias. SAf. Lasali- 
chtbys U. Trias. NA. Mauritanichthys U. Trias. NA. Mol- 
ybdichthys Phlyctaenichthys M. Trias. Aus. Pseudobeaconia 

M. Trias. SA. Redfieldius L. Jur. NA. Schizurichthys M. 
Trias. Aus. Synorichthys U. Trias. NA. 

order perleidiformes Perleididae (Colobodontidae) Cbroti- 
cbthys L. Trias. Aus. Colodus [Asterodon fCenchrodus 
fCharitodon ?Charitosaurus Eupleurodus ?Hemilopus ?Ne- 
phrotus fOmphalodus ] L. Trias. SAf. NAs. EAf. L.-U. Trias. 
Aus. M.-U. Trias. Eu. Crenolepis [ Crenilepis Cernilepoides\ 
M. Trias. Eu. Dimorpholepis Trias. WAf. Dollopterus L. 
Trias. NA. M. Trias. Eu. Engycolobodus M. Trias. Eu. 
?Helmolepis L. Trias. Gr. Manlietta M. Trias. Aus. Meidi- 
ichthys L. Trias. SAf. Mendocinichtbys [ Mendocinia ] M. 
Trias. SA. Meridensia M.-U. Trias. Eu. Perleidus L. Trias. 
EAs. Mad. Gr. Spits. M.-U. Trias. Eu. Trias. WAf. Pristiso- 
mus L. Trias. Aus. Mad. Procbeirichthys M. Trias. A-.s. 
Tripelta L. Trias. Aus. Zeuchthiscus L. Trias. Aus. Cleith- 
rolepidae C leithrolepis L. Trias. SAf. L.-U. Trias. Aus. M. 
Trias. SA. U. Trias. Eu. Dipteronotus U. Trias. Eu. Hydro- 
pessum L. Trias. SAf. Platysiagidae Platysiagum M. Trias. L. 
Jur. Eu. Cephaloxenidae Cepbaloxenus M.-U. Trias. Eu. 
Aethodontidae Aethodontus M.-U. Trias. Eu. 

order peltopleuriformes Peltopleuridae Peltopleurus M. 
Trias. EAs. M.-U. Trias. Eu. Placopleurus M.-U. Trias. Eu. 
Polzbergiidae Polzbergia U. Trias. Eu. 

order phanerorhynchiformes Phanerorhynchidae Phane- 
rorhyncbus Penn. Eu. 

order saurichtfiyiformes Saurichthyidae Brevisaunchthys M. 
Trias. Eu. Saurichtbys [Acidorhynchus Belonorhyncbus Gif- 
fonus Gymnosaurichtbys Ichthyorhynchus] L. Trias. EEu. NA. 
NNA. Spits. Mad. Gr. SAf. SAs. EAs. L.-M. Trias. Aus. L.- 
U. Trias. Eu. U. Trias. CAs. Saurorhynchus L. Jur. Eu. Sys- 
tolichthys M. Trias. Eu. 

CHONDROSTEANS NOT ASSIGNED TO FAMILIES Aldingeria 
Penn. Gr. ? Anaglypbys L. Perm. Eu. Anatoia L. Trias. 
SA. Apateolepis M. Trias. Aus. fAtberstonia [ Hypterus \ 
U. Perm. Eu. L. Trias. SAf. Mad. U. Trias. NA. Beli- 
chtbys M. Trias. Aus. Broometta L. Trias. SAf. Canin- 
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chaia Cenechoia L. Trias. SA. Challaia L. Trias. SA. 
Diphyodus Miss. NA. Disicbthys U. Perm. SAf. Echen- 
taia L. Trias. SA. Elpisopholis U. Trias. Aus. Euryno- 
toides U. Perm. Eu. Evenkta L. Trias. NAs. Guaymay- 
enia L. Trias. SA. Isodus Miss. Eu. Leighiscus 
Megapteriscus Mesembroniscus M. Trias. Aus. Luederia 
L. Perm. NA. Myriolepis L. U. Trias. Aus. ?L. Trias. SA. 
Oxypteriscus Miss. NAs. Palaeobergeria Miss. NAs. 
Pasambaya L. Trias. SA. Peleichthys U. Perm. SAf. 
Pteroniscus Jur. WAs. fSchizospondylus U. Cret. Eu. 
Tanaocrossus U. Jur. WAf. 

order poi.ypteriformes (CLADIST1A) Polypteridae R. Af. Po- 
lypterus Eoc. R. Af. 

ORDER ACIPENSERIFORMES 

suborder CHONDROSTEOIDEI PErrolichthyidae Errolichthys 
L. Trias. Mad. Chondrosteidae Chondrosteus Gyrosteus 
[fStrongylosteus \ L. Jur. Eu. fSticbopterus L. Cret. As. 

suborder acipenseroidei Acipenseridae Acipenser U. Cret. 
R. NA. Eu. R. As. Huso Plioc. R. Eu. R. NAs. Protosca- 
phirhynchus U. Cret. NA. 

suborder polyodontoidei Polyodontidae Crossopholis Eoc. 
NA. Paleopsephurus U. Cret. NA. 

INFRACLASS NEOPTERYGI! 

order lepisosteiformes (Ginglymodi) Lepisosteidae Atrac- 
tosteus U. Cret. R. NA. Eoc. Eu. ?U. Cret. WAf. Lepisos- 
teus U. Cret. SAs. U. Cret. R. NA. fParalepidosteus L. Cret. 
WAf. 

order semionotiformes Semionotidae (Lepidotidae Dapedi- 
idae) Acentrophorus U. Perm. Eu. U. Trias. NA. Aetbeole- 
pis Jur. Aus. Alleiolepis [Leiolepis] M. Trias. Eu. Ango- 
laichthys Trias. WAf. Aphelolepis Trias. Eu. Asialepidotus M. 
Trias. EAs. Corunegenys U. Trias. Aus. Dapedium [Aech- 
modus Amblyurus Dapedius Omalopleurus Pholidotus] U. 
Trias. L. Jur. Eu. SAs. Enigmatichthys M. Trias. Aus. 
Eosemionotus L.-M. Trias. Eu. Hemicalypterus U. Trias. NA. 
Heterostrop bus [ Heterostichus ] U. Jur. Eu. Lepidotes [ Lept- 
dosaurus Lepidotus Plesiodus Prolepidotus Scrobodus 
Sphaerodus ] U. Trias. L. Cret. ?U. Cret. Eu. U. Trias. L. 
Cret. Af. NA. U. Trias. U. Cret. As. PTrias. L. Jur. U. Cret. 
SA. L. Jur. Mad. ?Orthurus U. Trias. Eu. Paracentrophorus 
L. Trias. Mad. Paralepidotus U. Perm. U. Trias. Eu. Peri- 
centrophus L. Trias. Eu. Prionopleurus [ Pantelion ] Jur. Eu. 
Pristiosomus U. Trias. Aus. Sargodon U. Trias. Eu. Semion- 
otus [? Archaeosemionotus Ischypetrus ] L.-U. Trias. Eu. PL. 
Trias. SA. U. Trias. Aus. SAf. NA. Serrolepis M.-U. Trias. 
Eu. Sinosemionotus M. Trias. EAs. Tetragonolepis [ Horn - 
oeolepis Pleurolepis] L.-U. Jur. Eu. L. Jur. As. 

order pycnodontiformes Pycnodontidae Acrotemus U. Cret. 
Eu. WAf. Attomaeodus L.-U. Cret. Eu. NA. U. Cret. Af. 
Athrodon U. Jur. U. Cret. Eu. Coccodus U. Cret. SWAs. 
Coelodus [ Anomiophthalmus Cosmodus Glossodus ] U. Jur. 
U. Cret. Eu. L.-U. Cret. NA. Af. U. Cret. Mad. U. Cret. 
Eoc. As. Ellipsodus L. Cret. Eu. Eomesodon U. Trias. U. Jur. 
Eu. Grypodon [Ancistrodon Ankistrodus ] U. Cret. Eu. NAf. 
NA. Gyrodus [ Stromateus ] M. Jur. U. Cret. Eu. U. Jur. 
Wind. U. Jur. ?U. Cret. NA. U. Cret. Af. Gyronchus [Gy- 
nonchus fGyroconcbus Macromesodon Mesodon Scaphodus 


Typodus] M. Jur. L. Cret. Eu. Ichthyoceros U. Cret. SWAs. 
Mesturus U. Jur. Eu. Micropycnodon [ Pycnomicrodon ] U. 
Cret. NA. Palaebalistum [ Palaeobalistes ] U. Cret. As. SA. U. 
Cret. Eoc. Eu. Af. Polygyrodus U. Cret. Eu. Proscinetes 
[ Microdon Polysephis ] M. Jur. L. Cret. Eu. L. Cret. NA. 
Pycnodus [ Periodus Pychnodus] PM. Jur. L. Cret. Eoc. Eu. 
U. Jur. Wind. L. Cret. Aus. L.-U. Cret. NA. Eoc. Af. As. 
Stemmatodus ?U. Jur. L. Cret. Eu. Tibetodus U. Jur. CAs. 
Trewavasia [Xenopholis] U. Cret. SWAs. Uranoplosus L. 
Cret. Eu. NA. Woodthropea U. Trias. Eu. 

order macrosemiiformes Macrosemiidae ?Enchelyolepis U. 
Jur. Eu. Histionotus U. Jur. L. Cret. Eu. Legnonotus U. 
Trias. Eu. Macrosemius [Disticbolepis] U. Jur. Eu. WAf. 
Notagogus [Blenniomogeus Callignathus ] U. Jur. L. Cret. Eu. 
sOrthurus U. Trias. Eu. Petalopteryx [Aphanepygus] L.-U. 
Cret. Eu. U. Cret. SWAs. Propterus U. Jur. L. Cret. Eu. 
Uarbyichthyidae Uarbytchthys Jur. Aus. Incertae sedis 
Ophiosis M. Trias. L. Cret. Eu. U. Jur. WAf. Songanella U. 
Jur. WAf. 

order AMIJFORMES Parasemionotidae Archaeolepidotus L. 
Trias. Eu. Brougbia fHelmolepis L. Trias. Gr. jacobulus L. 
Trias. Mad. Ospia L. Trias. Gr. Paracentrophus L. Trias. 
Mad. Parasemionotus L. Trias. Mad. Gr. Pbaidrosoma U. 
Trias. Eu. Praesemionotus L. Trias. Eu. Promecosomina M.- 
U. Trias. Aus. Stensionotus Thomasinotus L. Trias. Mad. 
Tungusichthys L. Trias. NAs. Watsonulus [ Watsonia ] L. 
Trias. Mad. Gr. Caturidae (Eugnathidae, Furidae) AUolepi- 
dotus [ Plesiolepidotus ] U. Trias. Eu. Caturus [? Amblysemius 
Conodus Ditaxiodus Endactis Strobilodus Thlattodus Uraeus] 
M. Jur. L. Cret. Eu. U. Jur. WAf. Eoeugnathus M.-U. Trias. 
Eu. Euro [Eugnathus Isopbolis Lissolepis ] ?U. Trias. U. Jur. 
Eu. Jur. As. Heterolepidotus [Brachyichthyes Eulepidotus ] L.- 
U. Jur. Eu. Jur. CAs. Macrepistus L. Cret. NA. Neorhom- 
bolepis L.-U. Cret. Eu. L. Cret. SA. Osteorachis [Harpactes 
Harpactira Isocolum ] L.-U. Jur. Eu. Otomitla L. Cret. NA. 
Sinoeugnathus M. Trias. EAs. Amiidae Ami a [Amiaius Cy- 
clurusypamia fKmdleia Notaeus Pappichthys Paramiatus 
Protamia Stylomuleodon ] U. Cret. R. NA. Paleoc. Mioc. Eu. 
Eoc. As. Spits. Amiopsis U. Jur. L. Cret. Eu. Enneles L. Cret. 
SA. Ikechaoamta PL. Cret. EAs. Liodesmus [ Lophiurus ] U. 
Jur. Eu. Platacodon U. Cret. NA. Pseudamiatus [ Pseuda - 
mia ] Eoc. Spits. Sinamia ?U. Jur. EAs. Urocles [Megalurus 
Synergus ] U. Jur. Eu. PL. Cret. PSA. Vidalamia U. Jur. Eu. 

order pachycormiformes Pachycormidae Asthenocormus 
[Agassizia] U. Jur. Eu. ?Eugnathides U. Jur. NA. Euthyno- 
toides Euthynotus [Cyclospondylus Heterothrissops Parath- 
rissops Pseudothrissops] L. Jur. Eu. Hypsocormus U. Trias. 
U. jur. Eu. iLeedsichthys [ Leedsia ] Orthocormus U. Jur. Eu. 
Pachycormus [Cephenoplosus iPachylepis fLycodus] Prosau- 
ropsis [Protosauropsis Saurostomus] L. Jur. Eu. f Protosphy- 
raena [ Erisicbthe Pelecopterus ] U. Cret. Eu. As. NA. SA. 

order aspidorhynchiformes Aspidorhynchidae Aspidor- 
hynchus M.-U. Jur. Eu. Cret. SA. Belonostomus [Belonost- 
mus Dichelospondylus Hemirhynchus Ophirachis Vinctifer ] 
U. Jur. U. Cret. Eu. L.-U. Cret. NA. As. SA. Aus. U. Cret. 
NAf. 

DIVISION TELEOSTEI 

order pholidophoriformes Pholidophoridae Eurycormus U. 
Jur. Eu. ?Flugopterus [ Megalopterus ] U. Trias. Eu. Hungki- 
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ichthys U. Jur. EAs. Pbolidopboretes U. Trias. Eu. Pbolido- 
phorides L. Jur. Eu. Pholidophoristion U. Jur. Eu. Pbolido- 
phorus \Baleiicbthys ?Microps ?Nothosomus Phelidophorus 
Poreirgus] ?L. Trias. U. Jur. SA. M. Trias. U. Jur. Eu. U. 
Trias. U. Jur. WAf. L. Jur. NA. U. Jur. As. fProhalecites NE- 
IL Trias. Eu. Ichthyokentemidae Elpistoicbtbys U. Trias. Eu. 
Ichthyokentema U. Jur. Eu. iCatervanolus U. Jur. WAf. 
Majokidae Majokia U. Jur. WAf. PLingulellidae Lingulella U. 
Jur. Pleuropholidae Austropleuropbolis Parapleuropholis U. 
Jur. WAf. Pleuropholis U. Jur. L. Cret. Eu. U. Jur. WAf. 
Archaeomenidae Archaeomaene Aetheolepis Aphnelepis Ma- 
dariscus Jur. Aus. Wadeichthys L. Cret. Aus. Oligopleuridae 
f ‘Calamopleurus U. Jur. L. Cret. Eu. L. Cret. SA. tC.allop te- 
rns U. Jur. Eu. lonoscopus [Opsigonus] U. Jur. L. Cret. Eu. 
Oligopleurus U. Jur. L. Cret. Eu. U. Cret. SA. Spathiurus 
[Ampbilapburus ] U. Cret. SWAs. Incertae sedis Ceramurus U. 
Jur. Eu. Galkinia U. Jur. CAs. Hulettia M. Jur. NA. Lom- 
bardtna Signeuxella U. Jur. WAf. Lopbiostomus U. Cret. Eu. 

order leptolepiformes Leptolepidae Ascalabos U. Jur. Eu. 
Carsothrissops U. Cret. Eu. tClupavus U. Jur. L. Cret. Eu. 
Cret. Af. NA. Cteniolepis U. Jur. Eu. Eurystichthys [Eurys- 
tetbus ] U. Jur. Eu. Leptolepides U. Jur. Eu. Leptolepis 
[Liassolepis Megastoma Sarginites] U. Jur. U. Cret. Eu. NA. 
Jur. Spits. Aus. Jur. Cret. As. ?Jur. L.-U. Cret. SA. L.-U. 
Cret. Af. Luisicbthys U. Jur. Wind. Proleptolepis L. Jur. Eu. 
Tbarrias U. Cret. SA. Tharsis U. Jur. Eu. Todiltia M. Jur. 
NA. Varasichthys U. Jur. SA. 

order ichthyodectiformes Allothrissopidae Allotbrissops U. 
Jur. L. Cret. Eu. Ichthyodectidae Chirocentrites L. Cret. Eu. 
Cladocyclus L. Cret. SA. Eubiodectes U. Cret. WAs. Gilli- 
cus L.-U. Cret. Eu. NA. Icbthyodectes L.-U. Cret. Eu. NA. 
Proportheus L. Cret. WAf. Spathodactylus L. Cret. Eu. 
Tbrissops U. Jur. U. Cret. Eu. NAf. Xiphactinus [ Portheus ] 
L.-U. Cret. NA. Aus. Eu. Saurodontidae Saurocephalus L.-U. 
Cret. Eu. U. Cret. NA. ?NAf. Saurodon [ Daptinus J U. Cret. 
Eu. ?NAf. PThryptodontidae (Plethodonidae) Bananogmius 
[Ananogmius Anogmius] U. Cret. Eu. NA. Martinicbthys 
Niobrara U. Cret. NA. Paranogmius U. Cret. NAf. Pletbo- 
dus U. Cret. Eu. NAf. Syntengmodus Tbryptodus [ ?Pseu- 
dothryptodus ] Zanclites U. Cret. NA. Incertae sedis Tselfa- 
didae Occithrissops M. Jur. NA. Protobrama Tselfatia U. 
Cret. NAf. 

SUBDIVISION OSTEOC.LOSSOMORPHA 

ORDER osteoglossiformes 

suborder osteoglossoidei Osteoglossidae R. Af. SAs. 
EInd. Aus. SA. iBrychaetus [Platops Pomphractus] Paleoc. 
NAf. Eoc. Eu. tEurychir U. Cret. NA. Paleoc. Eoc. NAf. 
?Genartina Eoc. NA. Musperia L. Tert. EInd. Phareodus 
[Dapedoglossus] M. Eoc. NA. OJig. Aus. Scleropages Olig. 
R. EInd. Mioc. R. Aus. Sinoglossus Eoc. EAs. Singididi- 
dae Singida PPaleoc. EAf. 

suborder notopteroidei Lycopteridae Lycoptera [ Asiato - 
lepis] Paralycoptera U. Jur. EAs. Manchurichthys L. Cret. 
EAs. Hiodontidae R. NA. Eobiodon Paleoc. Eoc. NA. 
Notopteridae Nopterus L. Olig.-R. EInd. R. SAs. 

suborder mormyroidei Mormyridae R. Af. Gymnarchi- 
dae R. Af. 


OSTEOGLOSSOMORPH INCERTAE SEDIS 
Cbandlerichtbys M. Cret. NNA. 

Subdivision elopomorpha 

ORDER ELOP1FORMES 

suborder undesignated Anaethaliontidae Anaethalion 
[ Aethalion ] U. Jur. L. Cret. Eu. Crossognathidae Apsope- 
lix [ Helmintbolepis Leptichthys Palaeoclupea Pelecorapis 
Syllaemus] U. Cret. Eu. NA. Crossognathus L. Cret. Eu. 

suborder elopoidei Elopidae Davichthys U. Cret. SWAs. 
Elops Eoc. Eu. R. Oc. Megalopidae Elopoides L. Cret. Eu. 
tPachythrissops U. Jur. L. Cret. Eu. Promegalops L. Eoc. 
Eu. Protarpon L. Eoc. Eu. Sedenhorstia U. Cret. Eu. 

suborder albuloidei Osmeroididae Dinelops U. Cret. Eu. 
Osmeroides L.-U. Cret. Eu. ?U. Cret. ?EAs. Ptero- 
thrissidae Hajulia U. Cret. SWAs. Istieus U. Cret. Eu. 
SWAs. Pterothrissus ?M. Jur. U. Jur. U. Cret. Eoc. Eu. 
Olig. Aus. R. Atl. Pac. Albulidae Albula ?U. Cret. ?NA. 
L.-M. Eoc. Eu. R. Oc. Coriops Kleinpellia U. Cret. NA. 
Lebonicbtbys U. Cret. SWAs. PPhyllodonddae ? Easier ins 
L. Cret. Eu. NA. Egertonia U. Paleoc. L. Eoc. Eu. ?Eodia- 
phyodus U. Cret. WAf. Paralbula U. Cret. Mioc. NA. L. 
Eoc. Eu. U. Eoc. NAf. Pbyllodus L. Paleoc. U. Eoc. Eu. L. 
Paleoc. Mioc. NA Pseudoegertonia L. Paleoc. WAf. 

suborder pachyrhizodontoidei Notelopidae Notelops L. 
Cret. SA. Pachyrhizodonddae E lopopsis U. Cret. Eu. NAf. 
Pachyrbizodus [Raphiosaurus Tbrissopater ] U. Cret. Eu. 
NA. Aus. Rbacolepis L. Cret. SA. 

order anguilliformes (APODES) Anguillavidae R. Cos. An- 
guillavus U. Cret. SWAs Encbelurus U. Cret. Eu. Eoan- 
guilla M. Eoc. Eu. Mastygocerus Mioc. R. EInd. Paranguil- 
lidae Dalpiazella M. Eoc. Eu. Paranguilla M. Eoc. Eu. 
Moringuidae R. Oc. Myrocongridac R. Atl. Oc. Xenocongi- 
dae R. Oc. Ecbelus Eomyropbis [ Eomyrus ] M. Eoc. Eu. R. 
Oc. Mylomyrus Eoc. NAf. Rhynchorinus Eoc. Eu. iWbita- 
podus M. Eoc. Eu. Muraenidae R. Oc. ?Deprandus Mioc. 
NA. Muraena Plioc. NAf. R. Oc. Heterenchelyidae R. Oc. 
Heterenchelys Mioc. Aus. R. Oc. Dyssomminidae R. Oc. 
Proteomyridae Proteomvrus M. Eoc. Eu. Anguilloididae An- 
guilloides M. Eoc. Mioc. Eu. Veronanguilla M. Eoc. Eu. 
Milananguillidae Milananguilla M. Eoc. Eu. Muraenesocidae 
R. Oc. Muraenesox Eoc. Eu. Mioc. Aus. R. Oc. Neenche- 
lyidae R. Ind. Oc. Nettastomaddae R. Oc. Nettastoma Eoc. 
Eu. R. Oc. Nessorhamphidae R. Oc. Congridae R. Oc. 
Ariosoma [Congermuraena] Olig. Plioc. Eu. R. Oc. Astro- 
conger Olig. Aus. Bolcyrus M. Eoc. Eu. Conger Eoc. Olig. 
NA. Mioc. NZ. R. Oc. Enchelion U. Cret. SWAs. Paracon- 
groides M. Eoc. Eu. Parbatmya Eoc. NA. Uroconger Mioc. 
Plioc. Aus. R. Oc. Voltaconger M. Eoc. Eu. Ophichthidae R. 
Oc. Caecula Mioc. Eu. R. Oc. Goslinophis M. Eoc. Eu. 
Mystriophis PMioc. NZ. R. Oc. Ophichthus Eoc. Eu. R. Oc. 
Todaridae Synaphobranchidae R. Oc. Simenchelyidae R. 
NAtl. NPac. Oc. Dysommidae Dcrichthyidae Macrocephen- 
chelyidae Serrivomeridae R. Oc. Patavichtidae Patavichthys 
M. Eoc. Eu. Nemichthyidae R. Oc. Nemichthys Eoc. Olig. 
WAs. R. Oc. Cyemidae Aoteidae R. Oc. Urenchelyidae 
Urencbelys U. Cret. Eu. NA. SWAs. Incertae sedis Bolcan- 
guilla M. Eoc. Eu. Gazolapodus M. Eoc. Eu. 
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suborder SACCOPHARYNC.1DAE (LYOMERI) Saccopharyngidae 
Eurypharyngidae Monognathidae R. Oc. 

ORDER NOTACANTHIEORMES (LYOPOMI AND HETEROMI) Halo- 
sauridae R. Oc. Echidnocephalus U. Cret. Eu. ?NA. En- 
chelurus U. Cret. Eu. SWAs. Halosaurus Mioc. NA. R. Oc. 
Laytonia ?Cret. Olig. Plioc. NA. Lipogenyidae R. Oc. No- 
tacanthidae R. Oc. Pronotacanthus U. Cret. SWAs. Olig. Eu. 

Subdivision clupeomorpha 

order ELlimmichthyiformes Ellimmichthyidae Diplomystus 
[Copeichthys Histurius Hyperlophus ?Oncocheto$\ U. Cret. 
SWAs. U. Cret. Eoc. Af. NA. SA. U. Cret. Mioc. Eu. El- 
limmichthys L. Cret. SA. 

order clupeiformes 

suborder denticipitoidei Denticipitidae R. Af. Paleoden- 
ticeps Olig. or Mioc. EAf. 

suborder clupeoidei Clupeidae + Engraulidae R. Cos. 
Alisea Mioc. NA. Alosa [Alausa Caspialos Clupeonella ] 
?Eoc. NA. Olig. Plioc. Eu. Plioc. NAf. Plioc. R. WAs. R. 
Oc. Austroclupea Plioc. SA. Bramlettia U. Cret. NA. Bre- 
voortia Plioc. NAf. R. Oc. fChanopsis L. Cret. WAf. 
Clupea [Alonsina Clupeops Sahelinia ] Eoc. Pleist. Eu. Olig. 
SA. Mioc. WAs. EInd. Plioc. NAf. R. Oc. Clupeopsis Eoc. 
Eu. Crossognathus L. Cret. Eu. Domeykos U. Jur. SA. 
Driverius U. Cret. NA. Engraulis Mioc. Eu. R. Oc. En- 
graulites Flpelichthys Etringus Mioc. NA. Etrumeus [Hale- 
cula Parahalecula] Olig. WAs. Mioc. Plioc. Eu. Plioc. NAf. 
R. Oc. Ganoessus Ganolytes [Diradias] Mioc. NA. Gas- 
teroclupea U. Cret. SA. Hacquetia Halecopsis Eoc. Eu. 
Hayina [Jobertina Smithites] Mioc. NA. Histiothrissa U. 
Cret. Eu. SWAs. Af. Iquius U. Tert. EAs. Knightia f El - 
limma Ellipos] Eoc. SA. Lembacus Mioc. NA. Lygisoma 
Mioc. NA. Melettina Neohalecopsis Olig. Eu. Opistho- 
nema Mioc. NA. R. Oc. fOstariostoma U. Cret. NA. 
Paraclupavus U. Jur. Cret. Af. Paraclupea L. Cret. EAs. 
Pateroperca U. Cret. SWAs. Pomolobus Mioc. Eu. R. Oc. 
Protoclupea U. Jur. SA. Pseudoberyx U. Cret. SWAs. 
Pseudochilsa Mioc. Eu. R. Oc. Pseudoetringus Eoc. NA. 
Quisque Mioc. NA. Rhomarus Mioc. NA. Sardinella Mioc. 
Eu. R. Oc. Sarmatella Mioc. R. Eu. Spratus [ Meletta\ Olig. 
Eu. R. Oc. Steinbergia Mioc. NA. Stolephorus \ Sprat te- 
loides] Mioc. NA. Plioc. NAf. R. Oc. Syllaemus U. Cret. 
Eu. NA. Wisslerius U. Cret. NA. Xenothrissa Xyne Xyri- 
nus Mioc. NA. 

SUBDIVISION ElITELEOSTEI 

order incertae sedis Pharmacichthys U. Cret. SWAs. 

ORDER SALMONIFORMF.S 

suborder esocoidei Esodidae Esox [ Trematina ] Olig. R. 
Eu. R. As. Paleoc. R. NA. Umbridae Novumbra Olig. R. 
NA. Palaeosox M. Eoc. Eu. Proumbra Paleoc. NEAs. 
Umbra Olig. R. Eu. 

suborder argentinoidei Argentinidae + Bathylagidae R. 
NOc. Argentina L. Olig. EEu. R. NOc. Azalois Mioc. NA. 
Bathylagus [Auesita\ Mioc. NA. R. NOc. Lygisma Mioc. 
NA. Proargentina Mioc. Eu. Sternbergia Mioc. NA. Opis- 
thoproctidae R. NOc. Alepocephalidae R. Oc. Palaeo- 


troctes L. Olig. EEu. Xenodernichthys Mioc. Eu. R. Oc. 
Family undesignated Gaudryella Humbertia U. Cret. WAs. 

suborder osmeroidei Osmcridae R. NOc. Mallotus Pleist, 
Eu. NA. Gr. R. NAtl. Osmerus Mioc. Eu. R. Oc. 

suborder galaxiodei Salangidae R. EAs. Retropinnidae R. 
Aus. NZ. Galaxiidae R. SAt". Aus. NZ. SA. Galaxias Plioc. 
R. NZ. 

suborder salmonoidei Salmonidae R. Oc. Eu. As. NA. 
Beckius Eoc. NA. Coregonus Pleist. Eu. R. As. NA. Cy- 
clolepts U. Cret. NA. Cyclolepoides Eoc. NA. iGoudkof- 
fia iLeucichthyops ?Natlandia U. Cret. NA. Oncorhyn- 
chus Plioc. R. NA. Paleolox Mioc.-Plioc. NA. Parastenodus 
Eoc. NA. Procharacinus Prohydrocyon Eoc. Eu. Proso- 
pium Plioc. Pleist. R. NA, Protohymallus [ProthymaUus] 
Mioc. Eu. Rhabdofario Salmo Mioc. R. Eu. NA. R. Oc. 
iSalmodium Eoc. Eu. Salvelinus Pleist. R. Eu. PPleist. NA. 
Thaumaturus M. Eoc. L. Mioc. Eu. Thymallus Eoc. Mioc. 
Eu. R. NOc. 

Superordf.r undesignated 
Pyrenichthys U. Cret. Eu. 

Superorder ostariophysi 
order gonorfiyncfiiformes 

suborder gonorhynchoidei Gonorhynchidae R. Indo-Pac. 
Oc. Charistosomus \Solenognathus\ U. Cret. Eu. SWAs. 
NA. Gonorhyncbops U. Cret. Eu. Notogoneus [Colpo- 
pholis Phalacropholis Protocatostomus Sphertolepis\ Eoc. 
Olig. Eu. PPaleoc. NA. Olig. Aus. Judeichthyidae ]udei- 
chthys U. Cret. SWAs. 

suborder chanoidei Chanidae R. Indo-Pac. Oc. ?Chan- 
opsis L. Cret. WAf. Chanos Eoc. Mioc. Eu. R. Indo-Pac. 
Oc. Dartbile U. Cret. SA. Parachanos L. Cret. Af. SA. U. 
Cret. Eu. Prochanos U. Cret. Eu. Rubiesichthys L. Cret. 
Eu. Kneriidae Phractolaemidae R. Af. 

order incertae sedis Unnamed family Chanoides M. Eoc. 
Eu. 

order CHaraciformes Characidae R. Af. SA. CA. Alestes 
Tert. R. Af. Astyanax Brycon Pleist. R. SA. Characilepis 
Mioc. SA. Eobrycon L. Tert. Plioc. SA 'Eurocharax L. Eoc. 
Eu. Pareobasts Pleist. R. SA. Procbarax Plioc. SA. Tripor- 
theus Pleist. R. SA. Erythrinidae Xiphostomatidae R. SA. 
Hepsetidae R. Af. Cynodontidae R. SA. Lebiasinidae R. SA. 
CA. Parodontidae Gasteropclecidae Prochilodontidae R. SA. 
Curimatidae R. SA. Curimatus Pleist. R. SA. Anostomidae 
Hemidontidae Chilodontidae R. SA. Distichodontidae Cith- 
arinidae Ichthyoboridae R. Af. 

order cypriniformes Cyprinidae R. Eu. As. Af. NA. 
Abramis [ Ballerus ] Mioc. NAs. Mioc. R. Eu. Acrocheilus 
Mioc.-Plioc. R. NA. Alburnoides Mioc. R. As. R. Eu. Al- 
burnus Mioc. R. Eu. Plioc. R. As. Alisodon Pleist. NA. 
Amblypharyngodon U. Tert. NAs. Asptus Mioc. R. Eu. 
Barbus Olig. R. Eu. Mioc. R. Af. As. U. Tert. R. EInd. 
Blicca L. Eoc. R. Eu. Mioc. R. NAs. Campostoma Pleist. R. 
NA. Capitodus Mioc. Eu. Carassius Plioc. R. As. R. Eu. 
Chela Eoc. Eu. R. As. EInd. C hondrostoma Olig. R. Eu. 
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PMioc. As. Chrosomus Pleist. R. NA. Ctenopharyngodon 
Plioc. R. As. Cyprinus Mioc. R. Eu. Plioc. R. As. Daurti- 
cbtbys Tert. R. EInd. Diastichus Pleist. NA. Dionda Pleist. 
R. NA. Enoplophthalmus Mioc. Eu. Eocyprinus L. Tert. 
EInd. Evomus Plioc. NA. Gila [? Ancbypopsis Sipbateles] 
Mioc. R. NA. Gobio Mioc. R. Eu. Hemiculturella Plioc. R. 
As. Hemitrichas Olig. Eu. Hexapsepbus Tert. R. EInd. Hy- 
bognatbus Pleist. R. NA. Hybopbthalmichtbys Plioc. R. EAs. 
Hybopis Ictiobus Pleist. R. NA. Idadon Mio. -Plioc. NA. 
Leuciscus Olig. R. Eu. Mioc. R. As. R. Af. NA. Leucus 
Pleist NA. Mylocbeilus Mioc.-Plioc. R. NA. Mylocyprinus 
Plioc. Pleist. NA. Mylopharodon Plioc. R. NA. Mylophar- 
yngodott Plioc. NA. Plioc. R. EAs. Nocomis Plioc. R. NA. 
Notemigonus Pleist. R. NA. Notropis Mioc. Pleist. R. NA. 
Oligobelus Tert. R. EInd. Orthodon Mioc.-Plioc. R. NA. 
Osteochilus Tert. R. EInd. Paraleuciscus Mioc. Eu. Pelecus 
[ Culter ] Plioc. R. Pimephales ?Proballostomus Pleist. R. NA. 
Pseudorasbora Mioc. R. As. Puntius Rasbora Tert. R. EInd. 
Ptychocheilus [ Squalius ] Mioc.-Plioc. R. NA. Rhinichthys L. 
Pleist. NA. Richardsonius Plioc. R. NA. Rodeus Mioc. R. Eu. 
Rutilus Eoc. R. Eu. Scardinius Olig. R. Eu. Mioc. NAs. Se- 
tnotilus L. Pliest. R. NA. Sigmopharyngodon Pleist. NA. 
Soricidens Mioc. Eu. Thynnichthys Tert. R. EInd. Tinea 
[Tarsicbtbys] Olig. R. Eu. Varicorhinus Plioc. R. Eu. As. 
Xenocypris Plioc. R. As. Gyrinocheillidae R. EAs. Psilor- 
hynchidae R. SAs. Catostomidae R. EAs. NA. Amyzon Eoc. 
Olig. NA. Carpoides Pleist. R. NA. Catostomus Eoc. R. As. 
Mioc.-Plioc. Pleist. R. NA. Chasmites Mioc.-Plioc. Pleist. R. 
NA. Deltistes Pleist. R. NA. Minytrema L. Pleist. NA. 
Moxostoma Pleist. R. NA. Pantosteus Plioc. R. NA. Hom- 
alopteridae R. As. Cobitidae R. Eu. As. EInd. NAf. NA. 
Cobitis [ Acanthopsis ] Nemacheilus Olig. R. Eu. R. As. NAf. 

ORDER SILURIFORMES (NEMATOGNATHI) Diplomystidae R. SA. 
Ictaluridae (Ameiuridae) R. As. NA. CA. Ictalurus [ Ameiu- 
rus] Olig. As. Mioc. R. NA. Plyodictis Mioc. Plioc. Pleist. R. 
NA. Bagridae (Porcidae Mystidae) Bagre [Bagrus Felicbtbys 
Porcus ] Pleist. R. Af. Bucklandium [ Glyptocephalus ] Eoc, Eu. 
Chrysichthys Pleist. R. Af. fClaibornichthys Eoc. NA. Eag- 
lesoma Eoc. Af. Eomacronas [ Macronoides ] Eoc. WAf. Fa- 
jutnia Eoc. NAf. Heterobagrus Plioc. R. As. Mystus [Ma- 
crones Macronicbtbys ] Pleist. R. EInd. Nigerium Eoc. WAf. 
Rita Plioc. R. As. Socnopaea Eoc. NAf. Craniglanidae R. Eas. 
Siluridae R. Eu. As. Af. ?Bacbmannia Tert. SA. Parasilurus 
Plioc. R. EAs. Pliosilurus Plioc. R. As. Silurus Eoc. R. Eu. 
Plioc. R. As. Schilbidae + Pangasiidae R. SAs. EInd. Af. 
Pangasius L. Tert. R. As. Pseudeutropius [ Brachyspondylus ] 
Tert. R. EInd. Amblycipitidae Amphiliidae R. Af. Akysidae 
R. SAs. Sisoridae (Bagariidae) R. SAs. EInd. Bagarius Plioc. 
R. SAs. Tert. R. EInd. Clariidae R. SAs. EInd. Af. Clarias 
Plioc. R. SAs. Af. Pleist. R. EInd. Clarotes Pleist. R. Af. 
Heterobranchus Pleist. Eu. Pleist. R. Af. Heteropneustidae R. 
SAs. Chacidae R. SAs. EInd. Olyridae R. SAs. Malapteruri- 
dae R. SA. Mochokidae (Synodontidae) R. Af. Synodontis 
Mioc. Eu. Plioc. R. Af. Arriidae (Tachysuridae) R. tropical 
coasts Arius [Tachysurus] Eoc. R. Af. SAs. EInd. Wind. SA. 
Aucbenoglanis Pleist. R. Af. Eopeyeria [ Ariopsis Peyeria] Eoc. 
NA. Osteogeneiosus Eoc. Af. R. EInd. Rhineastes [Aste- 
pbas] Eoc. Olig. NA. R. As. Doradidae Auchenipteridae 
Aspredinidae (Bunocephalidae) R. SA. Plotosidae R. coasts 
As. Aus. EAf. Tandanus Olig. R. Aus. Pimelodontidae R. 
CA. SA. Pimelodus Tert. R. SA. ?Eoc. Af. Ageneiosidae 
Hypopthalmidae Helogeneidae Cetopsidae R. SA. Stegophili- 


dae (Pygidiidae Eretmophilidae) R. SA. Trichomycteridae R. 
SA. Propygidium Eoc. SA. Callichthyidae R. SA. Corydoras 
Mioc. R. SA. Loricariidae R. SA. 

SurERORDER STENOPTERYGII 

ORDER STOMIIFORMES (STOMIATIFORMES) Gonostomidae R. Oc. 
Cyclothone [ Regenius ] Mioc. NA. R. Oc. ? Conor by nch ops 
U. Cret. Eu. NA. Gonostoma Mioc. Eu. Plioc. NAf. /«- 
drissa U. Cret. NAf. Paravinciguerria U. Cret. NAf. Pho- 
tichthys Mioc. Eu. Plioc. NAf. R. Oc. ?Protostomias U. Cret. 
NAf. Scopeloides [ Mrazecia ] Vinciguerria [Zalarges] Olig. 
Mioc. Eu. Stemoptychidae R. Oc. Argyropelecus Olig. Mioc. 
Eu. Mioc. NAf. NA. R. Oc. Polyipnoides Eoc. Eu. Polyip- 
nus Sternoptyx Olig. Eu. R. Oc. Astronesthidae Melanosto- 
miidae Malacosteidae R. Oc. Chauliondontidae Cbauliodus 
Mioc. NA. R. Oc. Protostomiatidae Pronotacanthus U. Cret. 
SWAs. Protostomia U. Cret. NAf. Stomiatidae R. Oc. Eos- 
totnias Mioc. NA. Idacanthidae R. Oc. 

SUPERORDER SCOPELOMORPHA 
ORDER AULOPIFORMES 

suborder enchodontoidei Enchodontidae Diplolepis U. 
Cret. Eu. Encbodus [Enurygnathus Holcodon Ischyroce- 
phalus Isodon Pbasganodus Solenodon Tetheodus ] U. Cret. 
SWAs. NA. U. Cret. Paleoc. Eu. Af. U. Cret. Eoc. SA. 
f 'Halecodon fLeptecodon thuxilitos U. Cret. NA. Palaeo- 
lycus U. Cret. Eu. Panthophilus U. Cret. SWAs. Rharbi- 
chthys U. Cret. NAf. Volcichthys U. Cret. Eu. PTomo- 
gnathidae Tomognathus U. Cret. Eu. Eurypholidae Eury- 
pholis U. Cret. Eu. NAf. SWAs. Saurorhamphus U. Cret. 
SWAs. 

suborder cimolichthyoidei Cimolichthyidae Cimoli- 
chthys [Empo] U. Cret. NA. Eu. SA. U. Cret. Paleoc. NAf. 
Prionolepis U. Cret. Eu. 

suborder halecoidei Halecidae Halec [ Arcbaeogadus 
Pomognathus] U. Cret. Eu. SWAs. Hemisaurida U. Cret. 
Eu. Phylactocephalus U. Cret. SWAs. 

suborder alepisauroidei Paralepidae (Sudidae) Holosteus 
[. Pavlovichtkys ] Eoc. Olig. Eu. lniomus Eoc. Olig. NA. 
Lestichthys Mioc. NA. Paralepis [ Anapterus Tydeus] Mioc. 
Eu. NAf. R. Oc. Parascopelus Mioc. Eu. Sudis Mioc. Plioc. 
Eu. NAf. R. Oc. Trossulus Mioc. NA. Synodontidae R. 
Atl- Ind. Pac. Oc. Sardinius U. Cret. Eu. Giganturidae 
Paralepididae Anotopteridae Evermannellidae Omosudidae 
Alepidauridae Pseudotrichonotidae R. Oc. Incertae sedis- 
Apateodus U. Cret. Eu. U. Cret. Paleoc. NAf. 

suborder aulopoidei Aulopodidae Chlorophthalmidae 
Scopelarchidae Notosudidae (Scopelosauridae) R. Oc. 

suborder ichth y otringoidei Ichthyotringidae Ichtby- 
otringa [Rhinellus] U. Cret. Eu. SWAs. NA. NAf. Chei- 
rothricidae Cheirothrix [Megapus Megistopuspholis ] U. Cret. 
Eu. SWAs. Exocoetoides U. Cret. SWAs. Dercetidae Der- 
cetis U. Cret. Eu. As. Pelargorhyncus U. Cret. Eu. Rhyn- 
chodercetis U. Cret. Eu. SWAs. Stratodus U. Cret. SWAs. 
NA. U. Cret. Paleoc. NAf. fTrianaspis U. Cret. NA. 

order myctophiformes Myctophidae (Scopelidae) R. Oc. 
Acrognatbus U. Cret. Eu. SWAs. Cassandra [ Leptosomus ] U. 
Cret. Eu. As. Ceratoscopus PMioc. NA. Diapbus Olig. Mioc. 
Eu. R. Oc. Eomyctophum Olig. Mioc. Eu. Olig. WAs. 
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Hakelia U. Cret. SWAs. Lamparryctus Mioc. NZ. NA. Mioc. 
Plioc. Eu. Myctophum [Hygophum Scopellus] Eoc. Plioc. Eu. 
Mioc. NZ. NA. Plioc. NAf. R. Oc. fNematonotus U. Cret. 
SWAs. Nyctophus Mioc. Plioc. Eu. NA. Omniodon Eoc. Eu. 
Opistopteryx U. Cret. SWAs. ?Palimphemis Mioc. Eu. 
?Rhamphornirnia U. Cret. SWAs. Sardinius U. Cret. Eu. 
Sardinoididae Sardinoides U. Cret. Eu. SWAs. Nematonotus 
U. Cret. Eu. Neoscopelidae R. Oc. 

Superorder undesignated 

order pattersonichthyiformes Pattersonichthyidae Humil- 
ichtbys Pattersonichthys Phoenicolepis U. Cret. SWAs. 

order ctenothrissiformes Ctenothrissidae Ctenothrissa 
[ Aeotbrissa ] U. Cret. Eu. SWAs. Heterothrissa U. Cret. 
SWAs. Aulolepidae Aulolepis U. Cret. Eu. 

Superorder paracanthopterygii 
ORDER PERCOPS [FORMES 

suborder sphenocephaloidei Sphenocephalidae Sphenoce- 
phalus U. Cret. Eu. 

suborder aphredoderoidei Aphredoderidae R. NA. Am- 
phiplaga Asineops Erismatopterus M. Eoc. NA. Tricho- 
phanes U. Mioc. NA. Amblyopsidae R. NA. 

suborder percopsoidei Percopsidae R. NA. 

order batrachoidiformes (HAPLodoci) Batrachoididae R. 
Oc. CA. SA. Batracboides U. Mioc. NAf. R. Oc. 

order gobiesociformes (XEnopteri) Gobiesocidae R. Oc. 
fBulbiceps Mioc. NA. 

ORDER LOPHIIFORMES (PED1CULATI) 

suborder lophioidei Lophiidae R. Oc. Lophius Eoc. Eu. 
Plioc. NAf. R. Oc. 

suborder antennarioidei Brachionichthyidae R. Oc. An- 
tennariidae R. Oc. Histionotophorus [ Histiocepbalus ] M. 
Eoc. Eu. Chaunacidae Ogcocephalidae R. Oc. 

suborder ceratioidei Melanocetidae Diceratiidae Himan- 
tolophidae Oneirodidae Gigantacinidae Neoceratidae Cen- 
trophrynidae Ceratiidae Caulophrynidae Linophrynidae R. 

Oc. 

order gadiformes 

suborder muraenolepidoidei Muraenolepididae R. SOc. 

suborder gadoidei Moridae + Bregmacerotidae + Gadi- 
dae + Merulucciidae R. Oc. Eu. As. NA. Arnoldites \Ar- 
noldina] Plioc. NA. Bregmacernia Mioc. Eu. Bregmaceros 
\Podopteryx ] ?Eoc. NZ. Eoc. Mioc. NA. Eoc. Plioc. Eu. 
Olig. WAs. Mioc. Aus. Plioc. NAf. R. Oc. Brosmius 
[Brostne] Olig. Plioc. Eu. Plioc. NAf. R. Oc. Eclipes 
[. Merriamina ] Mioc. NA. Gadus [ Morbus ] Palcoc. Pleist. Eu. 
Olig. Aus. Pleist. Gr. R. Oc. Lepidion Mioc. EAs. R. Oc. 
Lota Plioc. R. Eu. R. As. NA. Lotella Mioc. R. Eu. Me- 
lanogrammus Melanotus Olig. Eu. R. Oc. Merlangus Mioc. 
Eu. R. Oc. Merluccius [Spina gadus | Eoc. Mioc. Eu. Mioc. 
Aus. NZ. R. Oc. Molva Plioc. Eu. R. Oc. Neopytbites Eoc. 
Eu. R. Oc. Odontogadus Mioc. Eu. Onobrosmius Mioc. 
WAs. Mioc. Plioc. Eu. Palaeogadus [Lotimorpha Megalo- 
lepis Nemopteryx Palaeobrosmius Pseucolota Ruppeli- 


anus ] Eoc. WAs. Olig. Mioc. Eu. Palaeomolva Mioc. Eu. 
?Paractichthys U. Cret. NA. Petalolepis U. Cret. Eu. Pro- 
gadius Plioc. NA. Physiculus Mioc. Eu. NZ. R. Oc. 
Promerluccius Olig. WAs. Raniceps Strinsia Mioc. Eu. R. 
Oc. Rhinocepbalus L. Eoc. Eu. Urophycis [ Phycis ] Eoc. 
Mioc. Eu. R. Oc. 

suborder macrouroidei Macrouroidei R. Oc. Amblygo- 
niolepidus Olig. NA. Bolbocara Mioc. NA. Calilepidus 
Olig. Mioc. NA. Coelorincus Mioc. Aus. R. Oc. Homeo- 
coryphaenoides Mioc. NA. Homeomacrurus Plioc. NA. 
Homeonezumia Olig. NA. Hymenocepbalus Olig. Mioc. Eu. 
R. Oc. Leptacantholepidus Mioc. NA. Macrourus [Cory- 
pbaenoides] Eoc. Mioc. Eu. Mioc. NA. NZ. R. Oc. Oxy- 
goniolepidus Olig. NA. Palaeobathygadus Olig. Mioc. NA. 
Promacrurus Olig. Mioc. NA. Pyknolepidus Olig. NA. 
Rankinian U. Cret. NA. Tracbyrincus Mioc. NZ. R. Oc. 
Trichiurichthys U. Mioc. Eu. 

order ophidiiformes Ophidiidae (Brotulidae) R. Oc. Wind. 
?Bauzaia Eoc. NA. Brotula Mioc. Plioc. Eu. R. Oc. Glyp- 
topbidium Mioc. EAs. Neobythites Eoc. Eu. R. Oc. Opbi- 
dion [ Ophidium ] PPaleoc. M. Eoc. Eu. Eoc. Wind. Mioc. 
Aus. R. Oc. Preophidion Eoc. NA. Protobrotula L. Olig. Eu. 
Carapidae (Fierasferidae) R. Oc. Carapus [ Pierasfer Jordan- 
iscus] Olig. Mioc. NA. Mioc. Aus. R. Pac. Oc. Pyramodon- 
tidae R. Oc. 

Superorder acanthopterygii 

SERIES ATHER1NOMORPHA 
ORDER ATHERINIFORMF.S 

SUBORDER EXOCOETOIDE1 (SYNNENTOGNATH1) ExOCOetidae 
(Hemiramphidae) Chirodus Mioc. Eu. Cobitopsis U. Cret. 
SWAs. Olig. Eu. Derrhias Mioc. NA. R. Oc. Exoxoetus 
[Hemiexocoetus] Eoc. NA. Euleptorhamphus [ Beltion ] 
Mioc. NA. R. Oc. fHemilampronites U. Cret. NA. Hemi- 
rampbus M. Eoc. Eu. R. Oc. Rogenites [ Rogenia ] Zelosis 
Mioc. NA. Belonidae R. Oc. Belone Plioc. Eu. Mioc. NAf. 
R. Oc. Scomberesoddae R. Oc. Praescomberesox Eoc. Olig. 
NA. Scomberersus Mioc. NA. Scomberesox Mioc. Eu. NA. 
Plioc. NAf. R. Oc. Forficidae Forfex Mioc. NA. Zeloti- 
chthys [Selota Zelotes } Mioc. NA. 

ORDER CYPRINODONT1FORMES 

suborder cyprinodontoidea Oryziatidae Adrianichthyi- 
dae R. EInd. Horaichthyidae R. As. Cyprinodontidae R. 
Eu. Af. NA. SA. Apbanius Mioc. R. As. Bracbylebias 
Mioc. WAs. Carrionellus L. Tert. SA. Cyprinodon Olig. R. 
Eu. L. Tert. R. NA. Empetrichtbys Plioc. R. NA. Fundu- 
lus [ Gephyrura Parafundulus] ?Mioc. Plioc. R. NA. Mioc. 
R. Eu. Haplochilus Olig. R. Eu. Litbofundulus Tert. SAs. 
Pachylebias [Anelia ?Pbysocephalus ] Olig. Mioc. Eu. Pro- 
lebias [Ismetie Pacbystetus] L. Olig. Mioc. Eu. Goodeidae 
R. NA. Anablepidae Nynsiidae R. CA. SA. Poeciliidae R. 
NA. SA. 

suborder atherinoidei Melanotaeniidae R. Oc. Atherini- 
dae R. As. Aus. NA. Oc. Atberina M. Eoc. R. Eu. Mioc. 
R. As. R. NA. Menidia Plioc. R. NA. Prospbyraena 
Rbamphognathus [Mesogaster] M. Eoc. Eu. Zanteclites 
Mioc. NA. Isonidae R. Oc. Neostethidae Phallostethidae R. 
NPac. EAs. 
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SERIES PERCOMORPHA 
ORDER BERYCIFORMES 

suborder STEPHANOberycoidei Stephanoberycidae R. Oc. 
Melamphaeidae R. Oc. Scopelogadus U. Mioc. NA. Gib- 
berichthyidae R. Oc. 

suborder Poly mixiodei Polymixiidae R. Oc. Berycopsis 
[Platycormus] Homonotichtbys [Homonotus Stenostoma ] U. 
Cret. Eu. Qmosoma U. Cret. Eu. SWAs. NAf. Parapoly- 
myxia Eoc. Olig. NA. Polymixia Eoc. Eu. R. Oc. Pycnos- 
terinx [Imogaster] U. Cret. SWAs. 

suborder dinopterygoidei Dinopterygidae Dinopteryx U. 
Cret. SWAs. Aipichthyidae Aipichtbys U. Cret. SWAs. 
Pycnosteroididae Pycnosteroides U. Cret. SWAs. Sticho- 
centridae Stichocentrus U. Cret. SWAs. 

suborder berycoidei Diertmidae R. Oc. ? Absalomicbthys 
[. Abantis ] Mioc. NA. Trachichthyidae Acrogaster [Acantbo- 
phoria ] U. Cret. Eu. SWAs. NAf. Gephyroberyx Olig. EEu. 
R. Oc, Gnatboberyx U. Cret. SWAs. Hoplopteryx [Goni- 
olepis Hemicyclolepis Hemigonolepis ?Priconolepis\ U. Cret. 
Eu. SWAs. NAf. NA. Hoplostetbus Plioc. Eu. R. Oc. Li- 
banoberyx Lissoberyx U. Cret. SWAs. Tracbichthodes Tert. 
Aus. Tubantia U. Cret. Eu. Kosorogasteridae Anoplogas- 
teridae R. Oc. Berycidae R. Oc. Beryx ?Cret. Eoc. Eu. Eoc. 
Olig. WAs. R. Oc. ?Costaichthys [Heterolepis] U. Cret. Eu. 
Echinocephalus Eoc. Eu. fElectrolepis U. Cret. Eu. 
?Kemptichtbys Tert. NAf. Lobopterus [Dictynopterus] U. 
Cret. Eu. Platylepis Eoc. Eu. ? Spina cites U. Cret. Eu. 
Monocentridae R. Oc. Brazosiella Eoc. NA. Cleidopus Olig. 
R. Aus. Monocentris [ Lepisacanthus ] Paleoc. Eoc. Eu. Eoc. 
Wind. Eoc. Plioc. Aus. R. Oc. Anomalopidae R. Oc. 
Holocentridae R. Oc. Adriocentrus U. Cret. Eu. Africen- 
trum [Microcentrum] Mioc. NAf. Alloberyx U. Cret. SWAs. 
Berybolcensis M. Eoc. Eu. Caproberyx U. Cret. Eu. NAf. 
Ctenocephalichtbys U. Cret. SWAs. Eohollocentrum M. 
Eoc. Eu. Eugocentrus U. Cret. Eu. Holocentrites Eoc. Olig. 
NA. Holocentroides Olig. Eu. Holocentrus Eoc. Mioc. Eu. 
R. Oc. Kansius U. Cret. NA. Myripritis Eoc. Mioc. Eu. R. 
Oc. Paraberyx U. Cret. Olig. NA. Parospinus U. Cret. 
SWAs. Stichoberyx U. Cret. NAf. tStmtoma Eoc. Olig. NA. 
Eoc. Mioc. Eu. Tenuicentrum M. Eoc. Eu. Trachicb- 
tyoides U. Cret. Eu. POlig. Aus. Weileria Eoc. Olig. NA. 
Eoc. Mioc. Eu. Family lncertae Sedis Cryptoberyx Patter- 
sonoberyx Plesioberyx U. Cret. SWAs. 

order zeiformes Parazenidae Macrurocyttidae R. Oc. Zei- 
dae R. Oc. Cylloides Olig. Eu. Zenopsis Olig. Mioc. Eu. 
Zenus Olig. Plioc. Eu. PPlioc. NAf. R. Oc. Grammicolepi- 
dae R. Oc. Wind. SAf. EInd. Oreosomidae R. Oc. Capro- 
idae R. Oc. Capros [Glypbisoma Metapomichtbys Proanti- 
gonia \ Olig. Mioc. Eu. Plioc. NAf. R. Oc. Caprovesposus 
Olig. Mioc. Eu. Microcapros U. Cret. SWAs. 

ORDER LAMPRIFORMES 

suborder lampridoidei Lampridae R. Oc. Lampris [ Dia - 
tomoeca ] U. Mioc. NA. R. Oc. 

suborder veliferoidei Vcliferidae R. Oc. Palaeocentrotus 
L. Eoc. Eu. 


suborder trachipteroidei Lophotidae R. Oc. Protolo- 
photes Olig. SWAs. R. Oc. Trachipteridae Regalecidae R. 

Oc. 

suborder styleophoroidei Styleophoridae R. Oc. 

order gasterosteiformes Gasterosteidae R. Eu. As. NAf. 

NA. Gasterosteus [Meriamella] U. Mioc. R. NA. R. Eu. U. 

Mioc. R. As. NAf. Pungitius [ Gastrosteops ] Plioc. R. NA. R. 

As. NAf. Aulorhynchidae R. Oc. Aulorbynchus [Protosyng- 
nathus] Tert. SAs. EInd. R. Oc. Protaulopsis M. Eoc. Eu. 

ORDER SYNGNATHIFORMES 

suborder aulostomoidei Aulostomidae R. Oc. Eoaulos- 
tomus ]ungersenichthys Macraulostomus Urospben Eoc. 

Olig. Eu. Synhypuralis M. Eoc. Eu. Fistulariidae R. Oc. 
Fistularia Olig. Plioc. Eu. R. Oc. Centriscidae R. Oc. 
Aeoliscus Olig. Mioc. Eu. Centriscus [ Amphisyle } Olig. 

WAs. Olig. PPlioc. Eu. R. Oc. Paramphisile M. Eoc. Eu. 
Parasynarcualidae Parasynarcualis M. Eoc. Eu. Macror- 
hamphosidae R. Oc. ? Aulorbarnphus M. Eoc. Eu. Gaster- 
orhampbosus U. Cret. Eu. Protorhampbosus U. Paleoc. 

CAs. Paraeoliscidae Aeoliscoides Paraeoliscus M. Eoc. Eu. 

suborder syngnathoidei Solenostomidae R. Oc. Solenor- 
hynchus M. Eoc. Eu. Prosolenostomus M. Eoc. Eu. Syng- 
nathidae R. Oc. Calamostoma M. Eoc. Eu. Dunckero- 
campus [ Acanthognathus ] Olig. Mioc. Eu. R. Oc. 
Hipposyngnatbus Mioc. Eu. Pseudosyngnathus M. Eoc. Eu. 
Syngnathus [ Siphonostoma ] M. Eoc. Plioc. Eu. Mioc. NA. 

Plioc. NAf. R. Oc. 

I 

order synbranchiformes Synbranchidae R. SAs. Af. Aus. 

NA. SA. Oc. i 

i 

order lndostomiformes Indostomidae R. SAs. 

order pegasiformes Pegasidae R. Ind. Pac. Oc. f 

I 

order dactylopteridae Dactylopteriformes R. Ind. Pac. Atl. 

Oc. 

I 

order scorpaeniformes l 

suborder scorpaenoidei Scorpaenidae R. Oc. Ampheris- 
tius [Goniognathus] L. Eoc. Eu. Ctenopomichthys [ Cteno- 
poma Jemelka\ Eosynanceja L. Eoc. Eu. Mioc. Eu. Rho- 
marchus Rixator Mioc. NA. Scorpaenodes [Sebastodes] 

Mioc. Plioc. NA. Plioc. EAs. R. Oc. Scorpaenoides Eoc. ; 
Olig. Eu. Scorpaenopterus Mioc. Eu. Sebastavus Sebas- \ 

tinus Sebastoessus Mioc. NA. Triglidae R. Oc. Periste- 
dion Plioc. Eu. R. Oc. Trigla [?Trigloides\ Eoc. Mioc. Eu. ( 
Mioc. WAs. Plioc. NAf. Pleist. NA. R. Oc. I 

Pterygocephabdae Pterygocepbalus M. Eoc. Eu. Caracan- 
thidae Aploactinidae R. Oc. Eocynanceja Eoc. Eu. Patae- 
cidae R. Aus. Synanceiidae R. Ind. Pac. Oc. Congiopodi- 
daeR. Oc. I 

suborder hexagrammoidei Hcxagrammidae R. Oc. , 

Acbrestogrammus ?U. Mioc. NA. Zemigrammatus Mioc. I 

NA. Zaniolepidae R. NPac. Oc. 


i 
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suborder platy cephaloidei Platycephalidae R. Oc. Ho- 
plichthyidae R. Ind. Pac. Oc. ?Anoplopomatidae R. Oc. 
iAenoscorpius { Eoscorpius ] Mioc. NA. 

suborder cottoidei Cottidae (Jcelidae) R. Eu. As. NA. Oc. 
Cottopsis Olig. SWAs. Cottus R. As. Mioc. NZ. L. Olig. 
R. Eu. Mioc. Plioc. R. NA. Kerocottus Mioc.-Plioc. NA. 
Lirosceles Mioc. NA. Myoxocepbalus Mioc.-Plioc. R. NA. 
fParaperca Olig. Eu. Cottocomephoridae R. EAs. Ereuni- 
idae R. Pac. Oc. Normanichteryidae R. SPac. Psychrolud- 
dae R. Oc. Cyclopteridae R. Oc. Cyclopterus Pleist. NA. 
R. Oc. Agonidae R. Oc. Comephoridae R. EAs. 

ORDER PERCIFORMES 

suborder percoidei Centropomidae R. Eu. As. NAf. Aus. 
NA. Centropomus M. Eoc. R. Eu. R. NA. Cyclopoma M. 
Eoc. Eu. Eolates M. Eoc. Eu. Eoc. R. Af. R. As. Aus. 
Paralates Platylates Olig. Eu. Psammoperca Eoc. Eu. R. Oc. 
Percichthyidae Morone L. Pleist. R. NA. Percichthys U. 
Paleoc. U. Eoc. R. SA. Santosius U. Tert. SA. Serranidae 
R. Oc. Acanthroperca Eoc. Eu. Acanus Olig. Eu. Allomo- 
rone Eoc. NA. Ampbiperca Eoc. Mioc. Eu. Anthias Mioc. 
Eu. R. Oc. Arambourgia [Apogonoides] Plioc. NAf. Ari- 
tolabrax Mioc. EAs. Blabe Eoc. NAf. Centropristis Olig. 
Mioc. Eu. R. Oc. Dapalis [Smerdis] ?Eoc. NAf. Paleoc. 
Mioc. Eu. Dicentrarchus [Labrax] Eoserranus Tert. SAs. 
Epinephelus [ Entmachaere ] Mioc. NA. Plioc. NAf. R. Oc. 
Maccullochella Tert. R. Aus. Morone Eoc. Mioc. Eu. R. 
Oc. Niphon Olig. Eu. R. Oc. Paracentropristis Tert. Eu. 
Paramorone L. Tert. NA. Percolates Olig. R. Aus. Perci- 
lia Eoc. Eu. R. SA. Pbosphichthys Eoc. NAf. NA. Pro- 
lates [ Pseudolates ] Paleoc. Eu. Properca Eoc. Mioc. Eu. 
?Proserranus Paleoc. Eu. Protanthias Mioc. NA. Serranus 
M. Eoc. Mioc. Eu. Plioc. NAf. R. Oc. Plesiopidae Indo- 
Pac. Oc. Pseudoplesiopidae R. Indo-Pac. Oc. Anisochrom- 
idae R. Wind. Oc. Acanthoclinidae R. Indo-Pac. Oc. 
Glaucosomidae R. Pac. Oc. Therapomidae R. Indo. Pac. 
Oc. Banjosidae R. NPac. Oc. Kuhliidae R. Oc. As. EInd. 
Polynesia Gregoryinidae R. Oc. Centrarchidae R. NA. 
Ambloplites Plioc. R. NA. Archoplites Mioc.-Plioc. R. NA. 
Borescentrancbus Mioc. NA. Centrarchites Eoc. NA. 
Cbaenobryttus ?Mioc. Plioc. R. NA. Lepomis Mioc. R. 
NA. Micropterus Mioplarchus Mioc. NA. Oligoplarchus 
Olig. NA. Pomoxis Mioc. Plioc. R. NA. Priacanthidae R. 
Oc. Priacanthus [ Apostasis ] Olig. Mioc. Eu. R. Oc. Pseu- 
dopriacanthus Eoc. Mioc. Eu. Apogonidae (Cheilodipteri- 
dae) R. Oc. Apogon [?Eretima] M. Eoc. Mioc. Eu. Mioc. 
NA. R. Oc. Apogonoides Plioc. NAf. Praegalegra Olig. 
NA. Percidae R. Eu. As. NA. Acerina U. Tert. R. As. R. 
Eu. Anthracoperca Carangopis M. Eoc. Eu. Cristigerina 
Eoc. Eu. iDasceles ?Erisceles Mioc. NA. ?Guoyquichtbys 
Tert. SA. Leobergia Plio. NAs. Lucioperca Pleist. R. Eu. 
Mioplosus Eoc. NA. fPachygaster r Paralates Olig. Eu. 
Perea [ ?Coeloperca Eoperca ?Percostoma ?Plioplarchus 
iSandroserrus] Eoc. R. Eu. Olig. Pleist. R. NA. Mioc. 
WAs. Percaletes Mioc. NZ. Percarina Olig. R. Eu. Podo- 
cys Propercarina Olig. Eu. Sandar Pleist. R. Eu. Stizoste- 
diott Plioc. R. NA. Sillaginidae R. Indo-Pac. Oc. Sillago 
Olig. Plioc. Aus. R. Oc. Branchiostegidae (Latilidae) R. Oc. 
Branchiostegus [ Latilus ] Plioc. NAf. R. Oc. Labracoglossi- 
dac R. Pac. Oc. Lactariidae R. Indo-Pac. Oc. SAs. EInd. 
Lactarius Mioc. Aus. R. SAs. EInd. Pomatomidae (Scom- 


bropsidae) R. Oc. Lopbar Mioc. NA. Scombrops Plioc. 
EAs. R. Oc. Rachycentridae R. Indo-Pac. Oc. Echeneidae 
R. Oc. Echeneis Olig. Mioc. Eu. R. Oc. Opisthomyzon 
Olig. Eu. Carangidae (Seriolidae) R. Oc. Acanthonemopsis 
Mioc. Eu. Aliciola Mioc. NA. Archaeus [ Archaeoides ] Olig. 
Mioc. Eu. Carangopsis M. Eoc. Eu. Caranx [Citula Pare - 
quula] M. Eoc. Plioc. Eu. Eoc. Pleist. NA. Plioc. NAf. R. 
Oc. Ceratoichtbys M. Eoc. Eu. Decapterus [ Lompochites ) 
Mioc. NA. Plioc. NAf. R. Oc. IDesmichthys Mioc. Eu. 
Ductor M. Eoc. Eu. Hypacanthus [ Licbia ] Olig. Pleist. Eu. 
R. Oc. Irifera Mioc. NA. Oligoplites [Palaeoscomber] 
Mioc. Eu. R. Oc. Paratracbinotus M. Eoc. Eu. Pseudoser- 
iola Mioc. NA. ?Pseudovomer Mioc. Eu. Seriola [Microp- 
teryx ] M. Eoc. Eu. Mioc. NA. Plioc. NAf. R. Oc. Tra- 
churus M. Eoc. Eu. Mioc. Plioc. NAf. R. Oc. Vomer Tert. 
Eu. R. Oc. Vomeropsis M. Eoc. Eu. Coryphaenidae R. Oc. 
Formionidae (Apolectidae) R. Indo-Pac. Oc. Menidae R. 
Indo-Pac. Oc. Mene [fGaster acanthus) Paleoc. Plioc. NAf. 
M. Eoc. Eu. R. Oc. Bathysoma Paleoc. Eu. Leiognathidae 
(Equulidae) R. Oc. Leiognatbus [Equula] Olig. Mioc. Eu. 
R. Oc. Bramidae Caristiidae R. Oc. Arripididac R. SPac. 
Oc. Emmelichthyidae R. Indo-Pac. Oc. Lutjanidae R. Oc. 
C aesio Eoc. Eu. Lednevta Mioc. Eu. Lutjanus [Lutianus] 
Mioc. Eu. Olig. NA. Mioc. Aus. R. Oc. Lobotidae R. Oc. 
Protolobotus Olig. SWAs. Gerridae R. Oc. Pomadasyidae 
(Pristipomidae) R. Oc. Ortbopristis Plioc. NAf. R. Oc. 
Parapristopoma Plioc. NAf. Pomadasys [Pristipoma] Eoc. 
Mioc. Eu. NAf. R. Oc. Sparidae (Nemipteridae Leithrini- 
dae) R. Oc. Atkinsonella Mioc. NA. Boops [Box] Mioc. 
Eu. Plioc. NAf. R. Oc. Crednidentex Plioc. NAf. R. Oc. 
Crommyodus [ Pliacodns ] Mioc. NA. Ctenodentex Eoc. Eu. 
NAf. Dentex Eoc. Plioc. Eu. Mioc. NZ. Plioc. NAf. R. Oc. 
Kreyenbagenius Eoc. NA. Pagellus Paleoc.-Mioc. Eu. Olig.- 
Mioc. NZ. R. Oc. Pagrosomus Plioc. Aus. R. Oc. Pagrus 
Paleoc. Mioc. Eu. Plioc. NAf. R. Oc. Paracalanus Plioc. 
WAf. Plectrites Rbytmias Mioc. NA. Sargus [Diplodus] 
Eoc. Plioc. Eu. ?Eoc. Mioc.-Plioc. NAf. Mioc. Aus. Plioc. 
NA. R. Oc. Sparnodus Eoc. Mioc. Eu. Sparosoma 
[. Rhamnubia ] Olig. Eu. Spams [Aurata Chrysopbrys] Eoc. 
Wind. Olig. Plioc. Eu. Plioc. NAf. R. Oc. Spondylisoma 
[Cantharus] Eoc. Eu. R. Oc. Sciaenidae R. Oc. Eu. NA. 
SA. Aplodinotus Plioc. R. NA. Cynoscion [Aristocion] 
Mioc. NA. R. Oc. Eocilopbyodus U. Cret. Eoc. WAf. 
Eokokemia Eoc. NA. loscion Mioc. NA. jefitebia Eoc. NA. 
Larium Mioc. Eu. R. Oc. Lompoquia Mioc. NA. Oto- 
lithes Eoc. Eu. R. Oc. Pogonias Mioc. Pleist. NA. R. Oc. 
Sciaena [Sciaenops] Olig. Mioc. Eu. NA. R. Oc. Pseu- 
doumbrina Plioc. Eu. Umbrina Plioc. Eu. R. Oc. Mulli- 
dae R. Oc. Mullus Mioc. Eu. R. Oc. Monodactylidae 
(Psettidae) R. Indo-Pac. Oc. coasts Pasaichthys Psettopsis 
M. Eoc. Eu. Pempheridae R. Oc. Bathyclupeidae R. Indo- 
Pac. Oc. Carribbean Toxotidae Toxotes L. Tert. R. EInd. 
Coracinidae (Dichistiidae) R. SOc. Kyphosidae (Scorpidi- 
dae Givellidae) R. Oc. Amphisdidae Amphistium [ ? Ma- 
crostoma ?W oodwardichtbys] M. Eoc. Eu. Ephippidae 
(Chaetodipteridae Platacidae) R. Oc. Archaeph rppus M .. 
Eoc. Eu. Ephippites Olig. Eu.^Exellia [ Semiophorus ] M. 
Eoc. Eu. Platacidae R. Oc. E,oplatax M. Eoc. Eu. fPara- 
platax Olig. EEu. Scatophagidae R. Indo-Pac. Oc. coasts 
Scatophagus M. Eoc. Mioc. Eu. R. Oc. Chaetodontidae 
(Pomacanthidae) R. Oc. Cbaetodon Olig. Mioc. Eu. Plioc. 
NAf. R. Oc. Chelmo Mioc. EInd. R. Oc. Holacanthus Eoc. 
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Mioc. Eu. R. Oc. Pomacantbus Eoc. Eu. R. Oc. Enoplos- 
idae R. SPac. Enoplosus Eoc. Eu. R. Oc. Histiopteridae R. 
Indo-Pac. Oc. Nandidae (Polycentridae Pristolepidae) R. 
SAs. Af. EInd. SA. Oplegnathidae R. EAs. Aus. SAf. SA. 
Oplegnatbus Plioc. R. Aus. Embiotocidae (Ditremidae) R. 
NPac. Ditrema Eoc. Eu. R. NPac. Eriquius Mioc. NA. 
Cichlidae R. Af. SAs. CA. SA. Wind. Acara Tert. R. SA. 
Acaronia Pleist. R. SA. Aequideus Plioc. R. SA. Cichlau- 
rus [ Cbilasoma ] Mioc. Wind. R. SA. Macracara Eoc. SA. 
iPalaeochromis Tert. NAf. Tilapia Tert. R. Af. R. WAs. 
Pomacentridae (Abudefdufidae) R. Oc. Af. Chromis Mioc. 
R. Af. Cockerellites Izuus Mioc. EAs. Odonteus Eoc. Eu. 
IPalaeocbrotnis Tert. NAf. Priscacara Eoc. NA. Gadopri- 
dae R. Aus. Cirrhitidae R. Indo-Pac. Oc. Chironemidae R. 
SOc. Aplodactylidae R. Oc. Cheilodactylidae Latridae R. 
Indo-Pac. Oc. Owstoniidae R. Oc. Owstonia Plioc. Eu. 
EAs. R. Oc. Cepolidae R. Oc. Cepola Eoc. Plioc. Eu. Plioc. 
NAf. R. Oc. Arambourgellidae Arambourgella M. Eoc. Eu. 
Canctidae R. Oc. Eozanclus M. Eoc. Eu. 

suborder mugiloidej Mugilidae R. Oc. Mugil Eoc. Plioc. 
Eu. Plioc. NAf. R. Oc. 

suborder s ph yraenidei Sphyraenidae R. Oc. Spbyraena 
Eoc. Af. M. Eoc. Eu. Mioc. EInd. Pleist. As. NA. R. Oc. 

suborder poeynemoidei Polynemidae R. Oc. Polydactylus 
Tert. EEu. 

suborder labroidei Labridae R. Oc. Coris Mioc. Eu. R. 
Oc. Eolabroides M. Eoc. Eu. Julis Mioc. Eu. R. Oc. La- 
brodon [Diaphyodus Nummopalatus Pharyngophilus ] L. 
Eoc. Plioc. Eu. Eoc. NAf. NZ. Mioc. NA. Mioc. Pleist. As. 
R. Oc. Labrus ?M. Eoc. Plioc. Eu. R. Oc. Platylaemus 
Eoc. Eu. NAf. Pseudospbaerodon L. Eoc. Eu. Pseudosty- 
lodon Eoc. Eu. Pseudovomer Stylodus Mioc. Eu. Sympho- 
dus [ Bodianus Crenilabrus] Mioc. Eu. Plioc. NAf. Taurin- 
ichthys Mioc. Plioc. Eu. Odacidae R. Oc. Aus. NZ. 
Scaridae R. Oc. As. NA. SA. Pseudoscaris Eoc. Eu. R. As. 
NA. SA. Scaroides Tert. CA. R. Oc. Scarus [ Callyodon ] 
Eoc. Eu. Mioc. SAs. R. Oc. 

suborder zoa rcoidei Zoarcidae Bathymasteridae Crypta- 
canthodidae Pholididae Ptilichthyidae Zaproridae Scytaiin- 
idae R. Oc. Anarhichadidae R. NAtl. NPac. Anarhichus 
Plioc. Eu. R. Oc. Xenocephalidae R. EInd. Stichaeidae R. 
NOc. Stichaeus Tert. EAs. R. Oc. 

suborder trachinoidei Trichonotidae R. Indo-Pac. Oc. 
Opisthognathidae R. Oc. Congrogadidae R. Pac. Ind. Oc. 
Bathymasteridae R. NPac. Notograptidae R. WPac. Oc. 
Mugiloididae R. Indo-Pac. Oc. Pholidichthyidae R. WPac. 
Oc. Cheimarrhychthyidae R. NZ. Trichonotidae R. WPac. 
Oc. Trachinidae Callipterys M. Eoc. Eu. Tracbinopsis Plioc. 
Eu. Percophididae R. SAtl. Trichodontidae R. NPac. 
Creediidae R. Aus. Coasts. Uranoscopidae R. Oc. Leptos- 
copidae R. SPac. Aus. NZ. Champsodontidae R. Indo-Pac. 
Oc. Myersichthys Olig. Eu. Pseudoscopelus Mioc. Eu. R. 
Oc. 

suborder notothenoidei Bovichthyidae R. SOc. Nototh- 
eniidae R. SOc. Nototbenia Mioc. NZ. R. Oc. Bathydre- 
conidae Channichthyidae Harpagiferidae R. SOc. 

suborder blennioidei Blenniidae Rlermius Mioc. Eu. R. 
Oc. Oncolepis M. Eoc. Eu. Problennius Eoc. WAs. Labri- 


somidae R. Oc. Tripterygiidae R. Oc. Tripterygion Plioc. 
NAf. R. Oc. Clinidae Clinus Mioc. Eu. Plioc. NAf. R. Oc. 
Pterygocepbalus Eoc. Eu. R. Oc. Chaenopsidae R. Oc. 
Dactyloscopidae R. SAtl. SPac. Oc. 

suborder icosteoidei Icosteidae R. Oc. 

suborder schindleroidei Schindleriidae R. Oc. 

suborder ammodytoidei Ammodytidae Ammodytes Olig. 
Mioc. Eu. R. Oc. ?Rbamphosus M.-U. Eoc. Eu. 

suborder callionymoidei Callionymidae Calliotiymus M. 
Eoc. Plioc. Eu. R. Oc. Draconettidae R. Oc. 

suborder gobioidei Gobiidae Eogottus M. Eoc. Eu. Go- 
biopsis Eoc. WAs. R. Oc. Gobius ?M. Eoc. Plioc. Eu. 
Mioc. NA. WAs. Plioc. NAf. R. Oc. Lepidogobius Mioc. 
R. NA. ?Pirskenius U. Olig. Eu. Rhyacichthyidae Go- 
bioididae Microdesmidae Eleotridae Kraemeriidae R. Oc. 

suborder kuroidei Kurtidae R. EInd. 

suborder acanthuroidei Acanthuridae Acanthonemus M. 
Eoc. Eu. Acanthurus M. Eoc. Mioc. Eu. R. Oc. Aposta- 
sella { Apostasis ] Olig. Mioc. Eu. Eolabroides M. Eoc. Eu. 
Eozanclus M. Eoc. Eu. Naso [Nosetts] M. Eoc. Eu. R. Oc. 
Parapygaeus U. Eoc. Eu. Protautoga Mioc. NA. U. Tert. 
SA. Pseudospbaerodon Pygaeus Eoc. Eu. Tylericbthys M. 
Eoc. Eu. Zauchus M. Eoc. Eu. R. Oc. Zebrastoma Tert. 
Wind. R. Oc. Siganidae R. Oc. Arcbaeteutbis [Protosi- 
gana] Olig. Eu. 

suborder scombroidei Gempylidae Acanthonotos [Hemi- 
thyrsites] Mioc. Plioc. Eu. Plioc. NAf. R. Oc. fBatbysoma 
U. Cret. Eu. Eothyrsites Olig. NZ. Eutricbiurides L.-M. 
Eoc. Eu. Euzapbleges [ Zaphleges ] Mioc. NA. Gempylus 
Olig. Eu. SWAs. R. Oc. Progempylus L. Eoc. Eu. Tbyr- 
sites Mioc. NA. R. Oc. Thyrsitocephalus Olig. Eu. Tbyr- 
socles Zaphlegus Mioc. NA. Trichiuridae Eutricbiurides 
Paleoc. Eu. Paleoc. Eoc. Af. Lepidopus [Acanthonotus 
Anenchelum Lepidopides ] Eoc. WAf. Wind. Olig. SA. Olig. 
Plioc. Eu. Plioc. NAf. Trichiurides Paleoc. Mioc. Eu. Tri- 
chiurus Eoc. Af. Eoc. Plioc. Eu. Pleist. NA. R. Oc. Scom- 
bridae Amphodon [Scorn bramphodon] Eoc. Olig. Eu. Ar- 
amichthys Eoc. WAs. Ardiodus L. Eoc. Eu. Auxides Mioc. 
NA. Auxis Eoc. Mioc. Eu. R. Oc. Eocoelopoma L. Eoc. 
Eu. Eoscombrus Eoc. Olig. NA. Eothynnus [tCariniceps 
fCoelocephalus Phalacrus tRhonchus] L. Eoc. Eu. Plioc. 
NAf. Euthynnus [ Katsuwonus \ Pleist. Wind. R. Oc. Gym- 
nosarda [ Cybiosarda \ Eoc. Olig. Eu. R. Oc. Isuricbthys 
Olig. Eu. Oc. Landanicbthys L. Paleoc. WAf. Matarcbia 
Mioc. Eu. R. Oc. Miothunnus Mioc. Eu. Megalolepis Olig. 
Eu. Neocybium Olig. Mioc. Eu. Ocystias Ozymandias 
Mioc. NA. Palaeotbunnus U. Paleoc. SWAs. Palimphyes 
[ Krambergeria ] Olig. Eu. Pelacybium Sarda [Pelamys] Pa- 
leoc. Olig. Eu. Mioc. NA. Plioc. NAf. R. Oc. Sarmata 
Mioc. Eu. Scomber [ Pneumatopborus ] Eoc. Plioc. Eu. Af. 
Mioc. NA. Tert. EAs. R. Oc. Scomberomurus [ Cybium \ 
Paleoc. Af. Eoc. Mioc. Eu. Olig. SWAs. R. Oc. Scom- 
brampbodon L. Eoc. Olig. Eu. Scombrinus L. Eoc. Eu. 
Scombrosarda Eoc. Eu. EEu. Spbyraenodus [ Dictyodus ] 
Eoc. NAf. L. Eoc. Mioc. Eu. Starrias Mioc. NA. Stereo- 
dus Mioc. Eu. Tamesichthys L. Eoc. Eu. Thunnus [Orcy- 
nus Tbynnus ] Eoc. Pleist. Eu. Mioc. NA. Af. R. Oc. Tunita 
Mioc. NA. Turio Mioc. NA. Wetherellus Woodwardiella 
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L. Eoc. Eu. Xestias Mioc. NA. Xiphopterus Eoc. Eu. 
Xiphiidae Acestms Aglyptorhynchus L. Eoc. Eu. Blochius 
U. Eoc. Eu. Brachyrhyrtchus Mioc. Eu. Coelorhynchus 
[Cylindr acanthus Glyptorhynchus ] U. Cret. Eoc. As. NAf. 
U. Cret. Olig. Eu. Eoc. NA. Cotigorhynchus U. Cret. Eoc. 
WAf. Hemirhabdorhynchus Eoc. Eu. WAf. Xiphias Eoc. 
WAf. Eoc. Olig. Eu. Pleist. NA. R. Oc. Xiphiorhynchus 
[ fOmmatolampes ] Paleoc. Plioc. NAf. Eoc. WAf, L. Eoc. 
Mioc. Eu. Luvariidae R. Oc. Istiophoridae lstiophorus 
[Histiophorus] U. Cret. Mioc. NA. Eoc. Plioc. Eu. R. Oc. 
Tetrapterus Eoc. Eu. R. Oc. Palaeorhynchidae Ettniskil- 
lettius L. Eoc. Eu. Homorhytichus [Hemirhytichus] Eoc. 
Mioc. Eu. Palaeorhynchus Eoc. Mioc. Eu. Olig. WAs. 
Pseudo tetrapterus Olig. Mioc. Eu. 

SUBORDER STROMATeoidei Amarsipidae Centrolophidae 
Ariommatidae R. Oc. Nomeidae R. Oc. Carangodes Eoc. 
Eu. Stromateidae R. Oc. Seserimus [ Aspidolepis ] ?U. Cret. 
Eu. R. Oc. Tetragonuridae R. Oc. 

suborder anabantoidei Anabantidae Anabas Pleist. R. 
EInd. Belontiidae Helostomidae R. EInd. Osphronemidae 
Osphronemus U. Eoc. or L. Olig. R. EInd. R. As. 

suborder luciocephaloidei Luciocephalidae R. EInd. 

suborder chanoidei Chanidae R. Indo-Pac. Oc. ?Aticy- 
lostylus U. Cret. Eu. Cbatios Eoc. Mioc. Eu. R. Indo-Pac. 
Oc. Dartbile U. Cret. PEoc. SA. Parachanos L. Cret. Af. 
SA. 

suborder mastacembeloidei Mastacembelidae R. SAs. EAf. 
Chaudhuriidae R. SEAs. 

ORDER PLEURONECT1FORMES (HETEROSOMATA) 

suborder psettodoidei Psettodidae R. Oc. ] oleaudichthys 

M. Eoc. NAf. 

suborder pleuronectoidei Citharidae Citharus [Eucitha- 
rus\ Mioc. Plioc. Eu. R. Cos. Citharichthys Olig. Eu. Plioc. 
NAf. R. Oc. Bothidae Arnoglossus Mioc. Eu. R. Oc. Bo- 
thus Eoc. Olig. Eu. R. Oc. Eobothus M. Eoc. As. Eu. 
Evesthes Mioc. NA. Imhoffius M. Eoc. Eu. Paralichthys 
[ Vorator ] Mioc. NA. R. Oc. Scophthalmus [Rhombus] Eoc. 
Plioc. Eu. Mioc. WAs. R. Oc. Pleuronectidae Cleisthenes 
[Protopsetta] Tert. EAs. R. Oc. Hippoglossotdes Mioc. NA. 
R. Oc. Limanda Plioc. Eu. R. Oc. Pleuronectes [ Platessa ] 
Mioc. Aus. R. Oc. Pleuronichtbys [ Zoropsetta Zororbom- 
bus ] Mioc. NA. Plioc. Eu. R. Oc. fPropsetta Mioc. Eu. 

suborder soi.eioidei Soleidae Achirus Plioc. NAf. R. Oc. 
Anoterisma Mioc. NAf. Arambourgichthys Mioc. NAf. 
Eosolea Eoc. NA. Eobuglossus M. Eoc. NAf. Microchirus 
[Monochir] Mioc. Eu. Plioc. NAf. R. Oc. Solea Paleoc. 
Mioc. Eu. Eoc. Plioc. NAf. Mioc. WAs. R. Oc. Turab- 
buglossus M. Eoc. NA. Cynoglossidae R. Oc. Cynoglos- 
sus Mioc. Eu. R. Oc. 

ORDER tetraodontiformes 

suborder balistoidei Aracanidae Proaracana M. Eoc. Eu. 
Ostraciodontidae Eolactonia M. Eoc. Eu. Triacanthidae 
Cryptobalistes Protacanthodes Eoc. Eu. Triacanthodidae 
Eoplectus Zignoichthys M. Eoc. Eu. Balistidae R. Oc. 
Ostraciidae R. Oc. 


suborder tetraodontoidei Tetraodontidae Tetraodon 
[Ovoides] Eoc. Plioc. Eu. R. Oc, Triodontidae Triodon PM. 
Eoc. Eu. Af. R. Oc. Diodontidae Chilomycterus Mioc. Eu. 
R. Oc. Diodon [Ertneodon Gymrtodus Heptadiodon Me- 
galurites Progymodon] Eoc. Plioc. Eu. As. Af. Eoc. Pleist. 
NA. Mioc. EInd. Wind. Mioc. Plioc. Aus. R. Oc. Kyrto- 
dymnodon Plioc. Eu. Oligodiodon Mioc. Eu. Molidae Mola 
[ Ortbagoriscus ] Mioc. Plioc. Eu. Tert. SA. R. Oc. Incer- 
tae sedis Eotrigodon L.-M. Eoc. Eu. M. Eoc. WAf. NAf. 
Plectocretacicus U. Cret. SWAs. 


SUBCLASS SARCOPTERYGII 

ORDER C ROSSO PTF.RYGtl 
SUBORDER rhipidistia 

SUPERFAMILY OSTEOLEPIDOIDEA (OSTEOLEPIFORMES) Osteo- 

lepidae Bogdanovia U. Dev. Eu. Canningtus M. Dev. Gr. 
Chrysolepis U. Dev. EEu. Ectosteorhachis L. Perm. NA. 
Geiserolepis Miss. EEu. Glyptopomus [Glyptognathus 
Glyptolaemus Pennagnathus Platygnathus] M.-U. Dev. Eu. 
NA. Gogonasus U. Dev. Aus. Gyroptychius [ Diplop - 
terax Diplopterus Diptopterus] M.-PU. Dev. Eu. M. Dev. 
Gr. Latvius U. Dev. Eu. NA. Lohsania L. Perm. NA. 
Megalichthys [Carlukeus Centrodus Parabatrachus ?Phn- 
tholepis Rhomboptychius ?Sporelepis\ PMiss, Penn. Eu. 
Penn. NA. Megapomus U. Dev. EEu. Megistolepis U. 
Dev. Metaxygnathus U. Dev. Aus. Osteolepis [Pleiopte- 
rus Pliopterus Triplopterus Tripterus] M. Dev. NAs. Ant. 
M.-U. Dev. Eu. Shirolepis M. Dev. EEu. Sterroptery- 
gion U. Dev. NA. Thaumatolepis U. Dev. Eu. NAs. 
Thursius M. Dev. Eu. ?U. Dev. NA. Thysanolepis PMiss. 
EEu. Eusthenopteridae Eusthenodon U. Dev. NA. Gr. 
Eusthenopteron U. Dev. NA. Eu. Hyenia U. Dev. NA. 
Jarvikina U. Dev. EEu. Marsdenichthys U. Dev. Aus. 
Platycephalichthys U. Dev. EEu. Tristich op terns M. Dev. 
Eu. PEusthenopteridae Devonosteus M.-U. Dev. Eu. Li- 
toptychius U. Dev. NA. Panderichthyidae Elpistostege U. 
Dev. NA. Panderichlys [fCricodus ?Polyplocodus] M.-U. 
Dev. EEu. Obruchevichthys U. Dev. EEu. Rhizodonti- 
dae *Canowindra U. Dev. Aus. Rhizodus [Archichthys 
fCoelosteus fColonodus Dendropty chius Labyrinthodon- 
tosaurus Polyporites Sigmodus] Strepsodus Miss. Aus. 
Miss. Penn. Eu. NA. Sauripteris [ Sauripterus \ U. Dev. Eu. 
NA. Spodichthys U. Dev. Gr. Incertae sedis Canowin- 
dra U. Dev. Aus. 

SUPERFAMILY HOLOPTYCHOIDEA (POROI.EPIFORMES) Powich- 
thyidae Powichthys L. Dev. NA. Y oungolepis L. Dev. 
EAs. Holoptychidae Glyptolepis [fHantodus Plyphlepis 
?Sclerolepis\ M. Dev. Spits. Gr. M.-U. Dev. Eu. EEu. 
Holoptychus [ tApedodus fApendulus fDendrodus Hol- 
optychius Lamnodus ] M. Dev. Miss. Eu. U. Dev. NA. 
Gr. Aus. Ant. NAs. Laccognathus U. Dev. EEu. Pseu- 
dosauripterus U. Dev. Eu. <V entalepis U. Dev. EEu. Po- 
rolepidae Heimenia M. Dev. Spits. EAs. Porolepis [Gy- 
rolepis] L.-M. Dev. Eu. Spits. NAs. 

suborder onychodontiformes Onychodontidae Grossius 
M. Dev. Eu. Onychodus [ Protodus ] L. Dev. NAs. L.-M. 
Dev. Spits. M.-U. Dev. Eu. NA. U. Dev. Gr. Quebecius U. 
Dev. NA. Strunius U. Dev. Eu. 
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SUBORDER COELACANTHIFORMES (ACTINISTIA) EuporOSteidae 

Euporosteus U. Dev. Eu. Diplocercidae Chagrinia U. Dev. 
NA. Dictyonosteus U. Dev. Spits. Diplocercides Nesides U. 
Dev. Eu. Rhabdodermatidae Cardiosuctor Miss. NA. 
fDumfregia Miss. Eu. Rhabdoderma [Conchiopsis Holo- 
pygus] Miss. NAf. Miss. Penn. Eu. EEu. NA. Synaptolus 
Penn. NA. Coelacanthidae Axelia L. Trias. Spits. Bunod- 
erma Jur. SA. Chinlea U. Trias. NA. C occoderma [ Dok - 
koderma] U. Jur. Eu. ?Coelocanthropsis Miss. Eu. EEu. 
Coelacanthus [Hoplopygus] Penn. U. Perm. Eu. L. Trias. 
Mad. Cualabaea U. Jur. WAf. Diplurus [fHolophagoides 
Osteopleurus Pariestegus Rkabdiolepis] U. Trias. NA. 
Graphiurichthys [ Graphiurus ] U. Trias. Eu. Heptanema M.- 
U. Trias. Eu. Libys U. Jur. Eu. Macropoma [Eurypoma 
Lophoprionolepis ] L.-U. Cret. Eu. Macropomoides U. Cret. 
SWAs. Mawsonia L. Cret. SA. WAs. L.-U. Cret. Af. Mig- 
uasbaia U. Dev. NA. Moenkopia L. Trias. NA. Mylacan- 
tbus L. Trias. Spits. Piveteauvia L. Trias. Mad. Rhipis Jur. 
Af. Sassenia L. Trias. Spits. Gr. Scleracanthus L. Trias. 
Spits. Sinocoelacanthus L. Trias. EAs. Spermatodus L. Perm. 
NA. Whiteia L. Trias. Mad. Gr. ?U. Trias. NA. Wimania 
[ Leioderma ] L. Trias. Spits. ?Gr. Laugiidae ?Holophagus 
[Trachymetopon Undina ] U. Trias. U. Jur. Eu. ?Jur. Aus. 
Laugia L. Trias. Gr. Hadronectoridae Allenypterus Had- 
ronector Polyosteorhynchus Miss. NA. Latimeriidae R. Ind. 
Oc. Insertae sedis Lochmocercus Miss. NA. 

order dipnoi Diabolichthyes L. Dev. EAs. Uranolophidae 
Uranolophus L. Dev. NA. Dipnorhynchidae Dipnorhyncbus 
L. Dev. Eu. M. Dev. Aus. Ganorhynchus M.-U. Dev. Eu. 
Na. Gripbognathus Holodipterus [Archaeotylus Holodus ] U. 
Dev. Eu. Aus. Dipteridae Chirodipterus U. Dev. Eu. Aus. 
Concbodus [ Cheirodus ] M.-U. Dev. Eu. U. Dev. NA. Dip- 
teroides U. Dev. Eu. Dipterus [ Catopterus Eoctenodus Par- 
adipterus Polyphractus] L.-U. Dev. Eu. M.-U. Dev. NA. U. 
Dev. NAs. Aus. Grossipterus U. Dev. Eu. PPalaedaphus 
[? Archaeonectes fHeliodus ?Paleodahus ] U. Dev. Eu. NA. 
Pentlandta M. Dev. Eu. Rhinodipterus M.-U. Dev. Eu. 
?Stomiakykus M. Dev. NA. Rhynchodipteridae Rbynchodip- 
terus U. Dev. Eu. Gr. Phaneropleuridae Eleurantia U. Dev. 
NA. Jarvikia Nielsenia Oervigia U. Dev. Gr. Phaneropleu- 
ron U. Dev. Eu. ?Gr. Scaumenacia [Canadiptarus Canadip- 
terus] U. Dev. NA. ?Eu. Soederbergbia U. Dev. Gr. Aus. NA. 
Ctenodontidae Ctenodus \ Campy lop leuron Proctenodus 
Rbadamista ] Miss. Penn. Eu. NA. Miss. Aus. Tranodis Miss. 
NA. Sagenodontidae Megapleuron Penn. NA. ?Proceratodus 
Penn. L. Perm. NA. Sagenodus [Petalodopsis Yonodus] Miss. 
Penn. Eu. Miss. L. Perm. NA. Straitonia Miss. Eu. Uro- 
nemidac Uronemus [Ganopristodus\ Miss. Eu. ?NA. Con- 
chopomidae Conchopoma [ Conchiopsis Peplorhina] Penn. L. 
Perm. NA. L. Perm. Eu. Ceratodontidae Arganodus U. Trias. 
NAf. Ceratodus [Hemictenodus Metaceratodus Scropha] L. 
Trias. U. Jur. Eu. L. Trias. L. Cret. As. L. Trias. U. Cret. 
Mad. NA. Aus. L. Trias. Paleoc. Af. L. Trias. Spits. Gos- 
fordia L. Trias. Aus. Microceratodus Trias. NAf. L. Trias. 
Mad. Paraceratodus L. Trias. Mad. Ptychoceratodus U. Trias. 
Eu. Neoceratodus [Epiceratodus ?Ompax ] U. Cret. R. Aus. 
Lepidosirenidae Gnathorhiza Penn. L. Perm. NA. U. Perm. 
Eu. Lepidosiren [Amphibichtbys] Mioc. R. SA. Protopterus 
[Protomalus Rhinocryptis] Eoc. R. Af. 

dipnoi incertae sedis Osteoplax Miss. Eu. fPalaeopht- 
chthys Penn. NA. 


CLASS AMPHIBIA 

SUBCLASS LABYRINTHODONTIA 

order ichthyostegai.ia Acanthostegidae Acanthostega U. 
Dev. Gr. Ichthyostegidae Ichthyostega U. Dev. Gr. flcbthy- 
ostegopsis U. Dev. Gr. 

order incertae sedis Crassigyrinus U. Miss. Eu. 

supf.rfamily loxommatoidea Loxommatidae Baphetes 
L.-M. Penn. Eu. M. Penn. NA. Loxomma U. Miss. M. 
Penn. Eu. Megalocephalus L.-M. Penn. Eu. M. Penn. NA. 
Family to be named Spatbicephalus U. Miss. Eu. NA. 

ORDER TEMNOSPONDYL1 

superfamily colosteoidea Colosteidae Colosteus M. 
Penn. NA. Greererpeton U. Miss. NA. Pholidogaster U. 
Miss. Eu. 

superfamily trimerorhachoidea Saurerpetontidae Ac- 
roplous L. Perm. NA. Erpetosaurus M. Penn. NA. Iso- 
dectes L. Perm. NA. Saurerpeton M. Penn. NA. Trime- 
rorhachidae ?Doragnathus U. Miss. Eu. Lafonius U. 
Penn. NA. Nannospondylus L. Perm. NA. Neldasaurus 
L, Perm. NA. Slaughenbopia U. Perm. NA. Tnmeror- 
hachis L. Perm. NA. 

Supfreamily incertae sedis Caerorhachidae Caeror- 
hachis U. Miss. Eu. Dendrerpetontidae Dendrerpeton L. 
Penn. NA. ?Erpetocephalus L. Penn. Eu. ? Eugyrinus L. 
Penn. Eu. 

superfamily edopoidea Cochleosauridae Chenoprosopus 

L. Perm. NA. Cochleosaurus M. Penn. Eu. NA. Gaud- 
rya M. Penn. Eu. Macrerpeton M. Penn. NA. Edopidae 
Edops L. Perm. NA. 

superfamily eryopoidea Eryopidae Actinodon L. Perm. 
Eu. Ind. Cbelyderpeton L. Perm. Eu. Clamorosaurus L. 
Perm. EEu. Eryops U. Penn. L. Perm. NA. Intasuchus U. 
Perm. EEu. Onchiodon Osteopborus Sclerocephalus L. 
Perm. Eu. Syndyodosuchus U. Perm. Eu. Dissorophidae 
Alegeinosaurus L. Perm. NA. Amphibamus M. Penn. NA. 
Eu. Arkanserpeton ?L. Penn, or M. Penn. NA. Aspido- 
saurus L. Perm. NA. Astreptorhachis U. Penn. NA. 
Brevidorsum Broiliellus Cacops Conjunctio Dissorophus 
Ecolsonia Fayella L. Perm. NA. Iratusaurus Kamacops U. 
Perm. EEu. Longiscitula L. Perm. NA. Micropholis L. 
Trias. SAf. Platyhystrix L. Perm. NA. Tersomius L. Perm. 
NA. Zygosaurus U. Perm. EEu. Branchiosauridae Apa- 
teon L. Perm. Eu. Brancbiosaurus M. Penn. L. Perm. Eu. 
U. Penn. NA. Schoenfelderpeton L. Perm Eu. Microme- 
lerpetontidae Branchierpeton L. Perm. Eu. Limnerpeton 

M. Penn. Eu. Micromelerpeton L. Perm. Eu. Doleserpe- 
tontidae Doleserpeton L. Perm. NA. Trematopsidac 
Acheloma L. Perm. NA. ? Actiobates U. Penn. NA. Tre- 
matops L. Perm. NA. Parioxyidae Parioxys L. Perm. NA. 
Zatracheidae Dasyceps L. Perm. NA. Stegops M. Penn. 
NA. Zatracbys [Acanthostoma f Acanthostomatops] L. 
Perm. Eu. NA. Archegosauridae Archegosaurus L. Perm. 
Eu. Bashkirosaurus Platyoposaurus U. Perm. EEu. 
Prionosuchus ?L. Perm. SA. Melosauridae Melosaurus U. 
Perm. EEu. 
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superfamily RHINESUCHOIDEA Rhinesuchidae Laccoce- 
phalus L. Trias. SAf. Muchocephalus U. Perm. SAf. 
Rhineceps U. Perm. SAf. Rhinesuchoides U. Perm. SAf. 
Rhinesuchus U. Perm. SAf. Uranocentrodon L. Trias. SAf. 
Lydekkerinidae fBroomulus L. Trias. SAf. Chomatobra- 
trachus L. Trias. Aus. Cryobatrachus L. Trias. Ant. 
?Deltacephalus L. Trias. Mad. Limnoiketes L. Trias. SAf. 
Lydekkerina L. Trias. SAf. Luzocephalus L. Trias. EEu. 
Gr. ?Putterillia L. Trias. SAf. Sclerothoracidae Sclero- 
thorax L. Trias. Eu. Peltobatrachidae Peltobatrachus U. 
Perm. EAf. 

superfamily CAPii osauroidea Benthosuchidae Bentbos- 
uchus L. Trias. EEu. ?Mad. fGnndwanosaurus L. Trias, 
lnd. Odenwaldia L. Trias. Eu. iPachygonia L. Trias. Ind. 
Parabentbosuchus L. Trias. Eu. Thoosuchns L. Trias. 
EEu. Capitosauridae Bukobaja U. Trias. EEu. Cycloto- 
saurus M.-U. Trias. Eu. Eocyclotosaurus L. Trias. Eu. 
E ryosuchus L.-M, Trias. EEu. Kestrosaurus L. Trias. SAf. 
Paracyclotosaurus U. Trias. Aus. Parotosucbus [Paroto- 
saurus Arcbotosaurus\ L. Trias. SAf. EAf. Ind. M. Trias. 
NA. L.-M. Trias. Aus. Trias. Eu. EEu. NAf. Promasto- 
donsaurus M. Trias. SA. Sassenisaurus L. Trias. Spits. 
Volgasaurus L. Trias. EEu. Volgasuchus L. Trias. EEu. 
Wellesaurus Trias. NAf. Wetlugasaurus L. Trias. EEu. 
Mastodonsauridae Mastodonsaurus U. Trias. Eu. EEu. 

superfamily rhytidosteoidea Rhytidosteidae Arcadia L. 
Trias. Aus. Boreopelta L. Trias. NAs. Deltasaurus L. 
Trias. Aus. SAf. Derwentia L. Trias. Aus. Laidleria L. 
Trias. SAf. Peltostega L. Trias. Eu. Spits. Pneumatos- 
tega L. Trias. SAf. Rhytidosteus L. Trias. SAf. Indob- 
rachyopidae Indobrachyops L. Trias. SAs. Mahavisaurus 
L. Trias. Mad. Rewana L. Trias. Aus. 

Superfamily trematosauroidea Trematosauridae 
Aphaneratnma L. Trias. Spits. NA. Aus. Erythrobatra- 
chus L. Trias. Aus. Gonioglyptus L. Trias. Ind. Ifasau - 
rus L. Trias. Mad. Inflectosaurus L. Trias. EEu. 
r ‘Latiscopus U. Trias. NA. Lyrocephaliscus [Lyroce- 
phalus] L. Trias. Spits. Lyrosaurus L. Trias. Mad. Ma- 
havhaurns L. Trias. Mad. Microposaurus L. Trias. SAf. 
Platystega L. Trias. Spits. Stoschiosaurus L. Trias. Gr. 
Tertrema L. Trias. Spits. Tertremoides L. Trias. Mad. 
Trematosaurus L. Trias. Eu. SAf. Trematosuchus L. Trias. 
SAf. Wantzosaurus L. Trias. Mad. 

superfamily brachyopoidea Kourerpetontidae Kourer- 
peton ?Perm. NA. Dvinosauridae Dvinosaurus U. Perm. 
EEu. Brachyopidae Austrobracbyops L. Trias. Ant. Ba- 
trachosaurus L. Trias. SAf. EEu. Blinasaurus L. Trias. 
Aus. Boreosaurus L. Trias. Spits. Bothriceps U. Perm. 
Aus. Bracbyops L. Trias. Aus. Ind. Hadrokkasaurus M. 
Trias. NA. Notobrachyops U. Trias. Aus. Siderops L. Jur. 
Aus. Sinobrachyops M. Jur. EAs. Trucheosaurus [Both- 
riceps] U. Perm. Aus. Tupilakosaurus L. Trias. Gr. Eu. 
Chigutisauridae Keratobrachyops L. Trias. Aus. Peloro- 
cephalus [ Chigutisaurus Icarosaurus ] L. Trias. SA. 

superfamily metoposauroidea Metoposauridae Anas- 
chisma U. Trias. NA. fDictyocepbalus U. Trias. NA. 
Metoposanrus U. Trias. NA. Eu. Ind. NAf. 

superfamily almasauroidea Almasauridae Almasaurus 
U. Trias. NAf. 


superfamily plagiosauroidea Plagiosauridae Gerro- 
thorax U. Trias. Eu. ? Melanopelta L. Trias. EEu. Pla- 
giobatrachus L. Trias. Aus. Plagiorophus M. Trias. Eu. 
Plagiosaurus U. Trias. Eu. Plagiosternum M. Trias. Eu. 
Plagiosuchus M.-U. Trias. Eu. Spits. 

ORDER ANTHRACOSAURIA 

suborder embolomeri Eoherpetontidae Eoherpetan U. 
Miss. Eu. Proterogyrinidae fPapposaums U. Miss. Eu. 
Proterogyrinus [ Mauchcbunkia ] U. Miss. NA. Eu. Tuler- 
peton U. Dev. EEu. Eogyrinidae Calligenethlon L. Penn. 
NA. Carbonerpeton M. Penn. NA. Diplovertebron M. 
Penn. Eu. Eogvrinus L. Penn. Eu. Leptophractus M. Penn. 
NA. Neopteroplax U. Penn. L. Perm. NA. Palaeoherpeton 
L. Penn. Eu. Pholiderpeton ?U. Miss. NA. L. Penn. Eu. 
Pteroplax L. Penn. Eu. Archeriidae Arcberia L. Perm. NA. 
Cricotus U. Penn. NA. Spondylerpeton M. Penn. NA. 
Anthracosauridae Anthracosaurus L. Penn. Eu. 

suborder gephyrostegida Gephyrostegidae Bruktererpe- 
ton U. Miss. Eu. Eusauropleura M. Penn. NA. Gephyros- 
tegus M. Penn. Eu. 

suborder SF.YMOURIAMORPHA Discosauriscidae Ariekaner- 
peton L. Perm. CAs. Discosauriscus L. Perm. Eu. Letov- 
erpeton L. Perm. EEu. Urumgia L. Perm. EAs. litegcma L. 
Perm. CAs. Kotlassiidae Buzulukia Bystrowiana ?Enosu- 
chus Karpinskiosaurus Kotlassia U. Perm. EEu. Seymouri- 
idae Gnorhinosuchus L. Perm. EEu. Nyctiboetus Rhino- 
sauriscus U. Perm. EEu. Seymouria L. Perm. NA. 

suborder INCF.RTAE SEDIS Lanthanosuchidae Lanthaniscus 
Lanthanosuchus Chalcosaurus U. Perm. EEu. 

Chroniosuchidae Chroniosaurus Chroniosuchus U. Perm. 
EEu. 

Limnoscelidae Limnoscelis U. Penn. L. Perm. NA. Lim- 
nosceloides Limnoscelops L, Perm. NA. Limnostygis M. 
Penn. NA. Romeriscus L. Penn. NA. 

Solenodonsauridae Solenodonsaurus M. Penn. Eu. 

Tseajaiidae Tseajaia L. Perm. NA. 

Tokosauridae Tokosaurus U. Perm. EEu. 

Nycteroleteridae Nycteroleter Macroleter U. Perm. EEu. 


CLASS 1NCERTAE SEDIS 

Diadectidae Diadectes U. Penn. L. Perm. NA. Desmatodon U. 
Penn. NA. Stephanospondylus L. Perm. Eu. 

SUBCLASS LEPOSPONDYL1 

order aIstopoda Ophiderpetontidae Coloraderpeton U. Penn. 
NA. Ophiderpeton L.-U. Penn. Eu. L.-M. Penn. NA. Leth- 
iscidae Lethiscus L. Miss. Eu. Phlegethontiidae Dolichosoma 
M. Penn. Eu. Phlegethontia L.-M. Penn. NA. Eu. L. Perm. 
NA. 
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order nectridea Keraterpetontidae Batrachiderpeton L. Penn. 
Eu. Diceratosaurus M. Penn. NA. Diplocaulus L.-U. Perm. 
NA. Diploceraspis U. Penn. NA. Keraterpeton L.-M. Penn. 
NA. Eu. Scincosauridae Sauravus U. Penn. L. Perm. Eu. 
Scincosaurus M. Penn. Eu. Urocordylidae Crossotelos L. 
Perm. NA. Ctenerpeton M. Penn. NA. Lepterpeton L. Penn. 
Eu. Ptyonius ?L.-M. Penn. NA. Sauropleura M. Penn. Eu. M. 
Penn. L. Perm. NA. Urocordylus L. Penn. Eu. Family incer- 
tae sedis Arizonerpeton L. Penn. NA. 

ORDER MICROS AURI A 

suborder tuditanomorfha Tuditanidae Asaphestera L. 
Penn. NA. Boii U. Penn. Eu. Crinodon U. Penn. Eu. 
Tuditanus M. Penn. NA. Hapsidopareiontidae Hapsido- 
pareion L. Perm. NA. Llistrofus L. Perm. NA. Ricnodon 
L. Penn. NA. M. Penn. Eu. Saxonerpeton L. Perm. Eu. 
Pantylidae Pantylus L. Perm. NA. Trachystegos L. Penn. 
NA. Gymnarthridae Cardiocephalus L. Perm. NA. Elfridia 
L. Penn. NA. Euryodus L. Perm. NA. Hylerpeton L. Penn. 
NA. Leiocephahkon L. Penn. NA. Pariotichus L. Perm. 
NA. Sparodus M. Penn. Eu. Ostodolepididae Micraroter L. 
Perm. NA. Ostodolepis L. Perm. NA. Pelodosotis L. Perm. 
NA. Trihecatontidae Trihecaton U. Penn. NA. Gonior- 
hynchidae Rhynchonkos [ Goniorhynchus ] L. Perm. NA. 

suborder microbrachomorpha Microbrachidae Micro- 
brachis M. Penn. Eu. Hyloplesiontidae Hyloplesion M. 
Penn. Eu. Brachystelechidae Brachystelechus L. Perm. Eu. 
Carrolla L. Perm. NA. Odonterpetontidae Odonterpeton M. 
Penn. NA. 

order lysorophia Lysorophidae Cocytinus M. Penn. NA. 
Lysorophus L. Perm. NA. ? Me gam o Igophis L. Perm. NA. 
Molgophis M. Penn. NA. 

SUBCLASS LEPOSPONDYLI ORDER INCERTAE SEDIS 

Adelogyrinidae Adelogyrinus U. Miss. Eu. Adelospondylus U. 
Miss. Eu. Dolichopareias L. Miss. Eu. Palaeomolgophis L. 
Miss. Eu. 

Acherontiscidae Acherontiscus U. Miss. Eu. 

MODERN AMPHIBIAN ORDERS 

order gymnophiona Caeciliidae R. CA. Ind. NAf. SA. 
Apodops U. Paleoc. SA. Ichthyophiidae R. Wind. Ind. SAs. 
SPac. Scolecomorphidae R. NAf. Typhlonectidae R. SA. 
Rhinatrematidae R. SA. 

ORDER URODELA 

SUBORDER K arauro id ea Karauridae Karaurus U. Jur. WAs. 

suborder prosirenoidea Prosirenoidea Albanerpeton 
[Heteroclitotriton] U. Cret. NA. M. Jur. M. Mioc. Eu. 
Prosiren L. Cret. NA. tRamonellus L. Cret. SWAs. 

suborder cryptobranchoidea Hynobiidae R. EAs. Cryp- 
tobranchidae Andrias [ Hydrosalamandra Plicagnathus 
Proteocordylus Sieboldia Tritogenius Tritomegas Zaissanu- 
rus] U. Olig. U. Plioc. Eu. M. Mioc. U. Mioc. NA. Pleist. 
R. EAs. Crypto branchus U. Paleoc. M. Pleist. R. NA. 

suborder proteoidea Proteidae Mioproteus M. Mioc. EEu. 
Necturus U. Paleoc. R. NA. Orthophyia U. Mioc. Eu. 


Proteus Pleist. F.u. R. Batrachosauroididae Batra- 
chosauroides L. Eoc. M. Mioc. NA. Opisthotriton U. Cret. 
U. Paleoc. NA. Palaeoproteus U. Paleoc. M. Eoc. Eu. 
Peratosauroides L. Plioc. NA. Prodesmodon [ Cuttysarkus ] 
U. Cret. L. Paleoc. NA. 

suborder amphiumoidea Amphiumidae Amphiuma U. Pa- 
leoc. M. Mioc. R. NA. Proamphiuma U. Cret. NA. 

suborder ambystomatoidea Dicamptodontidae Ambys- 
tomichnus [Ammobatrachus] Paleoc. NA. Bargmannia U. 
Mioc. EEu. Chrysotriton L. Eoc. NA. Dicamptodott L. 
Plioc. R. NA. Geyeriella U. Paleoc. Eu. Wolterstorffiella U. 
Paleoc. Eu. Ambystomatidae Ambystoma [Ogallalabatra- 
chus Plioamby stoma] L. Olig. R. NA. Amphitriton U. 
Plioc. NA. Scapherpetontidae Lisserpeton U. Cret. U. Pa- 
leoc. NA. Piceoerpeton U. Paleoc. L. Eoc. NA. Scapher- 
peton [Hedronchus Hemitrypus] U. Cret. U. Paleoc. NA. 

suborder pi.ethodontoidea Plethodontidae Aneides L. 
Mioc. R. NA. Batrachoseps L. Plioc. R. NA. Desmogna- 
thus Pleist. R. NA. Gyrinophilus L. Pleist. R. NA. Pleth- 
odon L. Mioc. R. NA. Pseudotriton L. Pleist. R. NA. 

suborder salamandroidea Salamandridae Arcbaeotriton 
U. Olig. L. Mioc. EEu. Brachycormus [Molge Oligosema 
Triton Triturus Tylotriton ] L. Mioc. Eu. Chelotriton [Epi- 
polysemial Grippiella Heliarchon Palaeosalamandrina Po- 
lysemia Salamandra Tischleviella Tylototriton] M. Eoc.-U. 
Mioc. Eu. Chioglossa U. Olig.-R. Eu. Euproctus U. Pleist. - 
R. Eu. Koalliella U. Paleoc. Eu. Megalotriton U. Eoc. or 
L. Olig. Eu. Mertensiella L. Mioc. EEu. R. WAs. Noto- 
phthalmus L. Mioc.-R. NA. Oligosemia U. Mioc. Eu. Pa- 
laeopleurodeles U. Olig. Eu. Pleurodeles U. Mioc. or L. 
Plioc.-R. NAf. Procynops U. Mioc. EAs. Salamandra 
[Dehmiella Heteroclitotriton Palaeosalatnandra Voigtiella] 
U. Eoc. or L. Olig.-R. EEu. Eu. Salamandrina L. Mioc.-R. 
Eu. Taricha [ Palaeotaricha ] U. Olig.-R. NA. Triturus U. 
Olig.-R. Eu. U. Mioc.-R. WAs. Tylototriton M. Eoc. Eu. 
R. EAs. Sirenidae Siren M. Eoc.-R. NA. Habrosaurus 
[Adelphesiren] U. Cret. Paleoc. NA. Pseudobranchus Plioc.- 
R. NA. 

urodela incertae sedis Comonecturoides U. Jur. NA. Hy- 
laeobatrachus L. Cret. Eu. iTrtassurus U. Trias. WAs. 

?order proanura Protobatrachidae Triadobatrachus [Proto- 
batrachus] L. Trias. Mad. 

order anura Ascaphidae Notobatrachus U. Jur. SA. Vi- 
eraella L. Jur. SA. Discoglossidae Discoglossus M. Eoc. L. 
Mioc. Eu. Eodiscoglossus U. Jur. Eu. Gobiates, U. Cret. EAs. 
Latonia Mioc. PPlioc. Eu. Pelophiltis M. Mioc. Eu. Prodis- 
coglossus U. Olig. Eu. Scotiphryne U. Cret. M. Paleoc. NA. 
Zaphrissa M.-U. Olig. Eu. Pipidae Cordicephalus L. Cret. 
SWAs. Eoxenopoides L. Olig. SAf. Saltenia U. Cret. SA. 
Shelania L. Paleoc. SA. Thoraciliacus L. Cret. SWAs. Xeno- 
pus Paleoc. SA. Mioc. R. Af. NAf. Rhinophrynidae Eorhin- 
ophrynus U. Paleoc. M. Eoc. NA. Rhinophrynus L. Olig. 
Pleist. R. NA. Palaeobatrachidae Neusibatrachus U. Jur. 
Mioc. Eu. Palaeobatrachus Eoc. Mioc. Eu. Pliobatrachus 
Plioc. Pleist. Eu. Pelobatidae Eopelobates U. Cret. Olig. NA. 
M. Eoc. L. Mioc. Eu. Macropelobates L. or M. Olig. As. M. 
Mioc. EAs. Miopelobates Mioc. L. Plioc. Eu. Pelobates Plioc. 
R. Eu. Scaphiopus L. Olig. R. NA. Pelodytidae Miopelod- 
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ytes M. Mioc. NA. Leptodactylidae Caudiverbera L. Eoc. 
Mioc. SA. Eleutherodactylus Mioc. SA. Pleist. NA. Euso- 
phus L. Olig. SA. Indobatrachus Eoc. As. Leptodactylus L. 
Mioc. R. NA. Pleist. R. SA. Syrrhopus Pleist. NA. Bufoni- 
dae Bufo Paleoc. Pleist. SA. Mioc. Pleist. NA. Plioc. As. Eu. 
Ceratophrynidae Ceratopbrys Plioc. Pleist. SA. Wawelia Mioc. 
SA. Hylidae Acris L. Mioc. Plioc. R. NA. Hyla L. Olig. Pleist. 
R. NA. L. Mioc. Eu. Proacris L. Mioc. NA. Pseudacris U. 
Mioc. R. NA. Microhylidae Gastrophryne L. Mioc. R. NA. 
Rhacophoridae Rhacophorus Pleist. R. As. Ranidae Asphae- 
rion L. Mioc. Eu. Ptychadena Mioc. Rana M. Eoc. R. Eu. 
Mioc. R. NA. Plioc. R. As. ?Tbeatonius U. Cret. NA. 

CLASS REPT1L1A 

SUBCLASS ANAPSIDA 
ORDER CAPTORHINIDA 

suborder CAPTORHINOMORPHA Protorothyrididae Anthra- 
codromeus M. Penn. NA. Archerpeton L. Penn. NA. 
Brouffia M. Penn. Eu. Cepbalerpeton M. Penn. NA. Coe - 
lostegus M. Penn. Eu. Hylonomus f Fritschia ] L. Penn. NA. 
Paleothyris M. Penn. NA. Eu. Protorothyris [Melanotb- 
yris] L. Perm. NA. Captorhinidae Captorhinikos Captor- 
hinus [ Ectocynodon Hypopnous] Captorhinoides Eocaptor- 
binus Labidosaurikos Labidosaurus ?Peurcosaurus 
Rhiodenticulatus Romeria L. Perm. NA. Protocaptorhinus 

L. Perm. NA. U. Perm. EAf. Kabneria Rotbaniscus [Rotbia\ 

M. Perm. NA. Hecatogompbius M. Perm. EEu. Moradi- 
saurus U. Perm. NAf. Bolosauridae Bolosaurus L. Perm. 
NA. EEu. PBatropetidae Batropetes L. Perm. Eu. Acleis- 
torhinidae Acleistorhinus L. Perm. NA. 

SUBORDER PROCOLOPHONIA 

superfamily procolophonoidea Nyctiphruretidae Bara- 
saurus U. Perm. Mad. Nyctipbruretus U. Perm. EEu. 
Owenetta U. Perm. SAf. Procolophonidae Anomoiodon 
L. Trias. Eu. Burtensia L. Trias. EEu. Candelaria M. 
Trias. SA. Contritosaurus L. Trias. EEu. iEstberiopha- 
gus U. Perm. NAs. Eumetabolodon L. Trias. EAs. Hyp- 
sognatbus U. Trias. NA. Rapes L. Trias. EEu. Koilos- 
kiosaurus L. Trias. Eu. Leptopleuron [Telerpeton] M. 
Trias. Eu. Macrophon Microphon L. Trias. EEu. ?Mi- 
crocnemus L. Trias. EEu. Myocephalus Myognatbus L. 
Trias. SAf. Neoprocolopbon L. Trias. EAs. Orenburgia 
L.-M. Trias. EEu. Paoteodon U. Trias. EAs. Procolo- 
phon Microthelodon Thelegnatbus L. Trias. SAf. Pro- 
colophonoides L. Trias. SAf. ISantaisaurus L. Trias. EAs. 
Sphodrosaurus U. Trias. NA. Spondylolestes L. Trias. 
SAf. Ticbvinskia Vitalia L. Trias. EEu. Sclerosauridae 
Sclerosaurus [ Anstodesmus ] L. Trias. Eu. Basileosaurus 
L. Trias. Eu. 

suborder pareiasauroidea Rhipaeosauridae Leptoropha 
Rhipaeosaurus M. Perm. EEu. Pareiasauridae Anthodon U. 
Perm. SAf. EAf. EEu. Bradysaurus [ Brachypareia Bradys- 
ucbus Koalemasaurus Platyoropha] M. Perm. SAf. Elginia 
U. Perm. Eu. Ernbrithosaurus [Dolichopareia Nochelesau- 
rus] M. Perm. SAf. Nanoparia U. Perm. SAf. Parasaurus 
U. Perm. Eu. Pareiasaurus [ Pareiasucbus Propappus] U. 
Perm. SAf. EAf. EEu. Scutosaurus [Amalitzkia Proelginia \ 
U. Perm. EEu. Shihtienfenia U. Perm. EAs. 


suborder millerosauroidea Millerettidae Broomia fHe- 
leopbilus Milleretta [ Millerina \ Milleretoides Millerettops 
Milleropsis Millerosaurus Nanomilleretta U. Perm. SAf. 

order mesosauria Mesosauridae Brasileosaurus Mesosaurus 
[ Ditrichosaurus Noteosaurus Notosaurus ] Stereosternum L. 
Perm. SAf. SA. 

order incfrtae sedis Eunotosaurus M. Perm. SAf. 

SUBCLASS TESTUDINATA 

order chelonia 

suborder proganochelydia Proganochelyidae Progan- 
ochelys [Chelytherium Psammocbelys Stegocbelys Trias- 
socbelys] U. Trias. Eu. SAs. Proterochersidae Protero- 
chersis ISauriscbiocomes U. Trias. Eu. 

suborder pleurodira Pelomedusidae Apoidochelys U. Cret. 
SA. Botbremys U. Cret. Mioc. NA. Carteremys Eoc. lnd. 
Dacquemys L. Olig. NAf. Neochelys Palaeaspis [Pa- 
laeochelys Palemys ] Eoc. Eu. Paralichelys Olig. Plioc. Eu. 
Pelomedusa ?Olig. R. Af. Mad. Podocnemis [Erymnocbe- 
/ys] Cret. R. SA. Af. Eu. As. Polysternon Eoc. Olig. Eu. 
Potamochelys L. Cret. WAf. Rosasia U. Cret. Eu. Rox- 
ochelys U. Cret. WAf. SA. Sbweboemys Eoc. NAf. Mioc. 
Plioc. SAs. Sokotocbelys U. Cret. WAf. Stereogenys Eoc. 
Olig. Af. Eoc. Eu. Stupendemys L. Plioc. SA. Taphros- 
pbys [Procbonias] U. Cret. Mioc. NA. SA. Eoc. Mioc. Af. 
Chelidae Chelodina Plioc. R. Aus. Chelus [Chelydra Che- 
lys] U. Mioc. R. SA. Emydura Pleist. R. Aus. Hydrome- 
dusa Eoc. R. SA. Parabydraspis Plioc. SA. Pelocomastes 
Pleist. Aus. Phrynops [Acrobydraspis Rbinemys] Plioc. R. 
SA. Platemys R. SA. Platychelyidae Platychelys U. Jur. Eu. 
Eusarkiidae Eusarkia Eoc. NAf. 

suborder cryptodira 

superfamily baenoidea Glyptopsidae Glyptops U. Jur. 
NA. ?Eu. Mesochelys L. Cret. Eu. Baenidae Baena U. 
Cret. NA. Chisternon Eoc. NA. Dorsetochelys L. Cret. 
Eu. Eubaena U. Cret. NA. Hayemys L. Cret. NA. Pala- 
tobaena U. Cret. NA. Plesiobaena Jur. Paleoc. NA. 
Stygicbelys U. Cret. NA. Trinitichelys U. Jur. NA. Neu- 
rankylidae Boremys Neurankylus Thescelus U. Cret. NA. 
Compsemys U. Cret. Paleoc. NA. Meiolaniidae Meio- 
lania f Ceratocbelys Miolania ] Pleist. Aus. Crossocbelys 
Eoc. SA. Niolamia U. Cret. SA. 

superfamily trionychoidea Kinosternidae Kinosternon 
[Cinosternum Sternotherus ] ?Plioc R. NA. SA. Stauroty- 
pus R. NA. Xenochelys Olig. NA. Dermatemydidae R. 
CA. Adocus U. Cret. NA. Eoc. EAs. M. Eoc. WAs. 
Agomphus [ Amphiemys ] U. Cret. Olig. NA. Baptemys 
Eoc. NA. Basilemys U. Cret. NA. Dermatemys R. NA. 
?Heishanemys ?U. Cret. EAs. Hoplochelys Paleoc. Olig. 
NA. Lindholmemys U. Cret. NAs. Mongolemys U. Cret. 
Paleoc. EAs. Peshanemys L. Cret. SAs. Sinochelys PCret. 
EAs. Trachyaspis Eoc. Mioc. Eu. NAf. Tretosternon 
[Heolochelydra ?Peltocbelys] ?U. Jur. Cret. Eu. Tsaota- 
nemys U. Cret. EAs. Zangerlia U. Cret. Carettochelyi- 
dae R. New Guinea Akrocbelys Allaeocbelys Eoc. Eu. 
Anosteira [?Apholidemys Castresia Pseudotrionyx] Eoc. 
Mioc. NA. EAs. Eu. Carettochelys Mioc. R. New Guinea 
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Hemichelys ?Eoc. Ind. Psendoanosteira Eoc. NA. Trion- 
ychidae R. As. EInd. Af. NA. Aspideretes U. Cret. EAs. 
Chitra Pleist. EInd. Pleist. R. SAs. Cyclanorbis PPlioc. R. 
Af. Cycloderma ?Mioc. R. Af. Eurycephalochelys L. Eoc. 
Eu. Lissemys PPlioc. R. SAs. Ind. Plastomenus U. Cret. 
Eoc. NA. M. Eoc. WAs. Trionyx [Amyda Asperidites 
Axestemys Conchocbelys Paleotrionyx Plastomenus Pla- 
typeltis Temnotrionyx ] Cret. R. As. Af. NA. Eu. Pa- 
laeotrionyx Paleoc. NA. Sinaspideretes U. Jur. EAs. 

superfamily CHELONioiDEA Plesiochelyidae Craspedocbe- 
lys U. Jur. Eu. Plesiochelys [Brodiechelys Hylaeochelys 
Parachelys Tbolemys Wincania \ (J. Jur. EAs. U. Jur. L. 
Cret. Eu. Portlandemys U. Jur. Eu. Tienfuchelys U. Jur. 
EAs. Protostegidae Archelon Calcarichelys Chelosphargis 
Protostega U. Cret. NA. Pneumatoartbrus U. Cret. NA. 
Rhinochelys Cret. Eu. Toxochelyidae Ctenochelys Lo- 
pbocbelys U. Cret. NA. Dollocbelys U. Cret. NA. L. Eoc. 
Eu. Erquelinnesia Eoc. Olig. Eu. Osteopygis [Euclastes 
?Lytoloma f Propleura Rhetecbelys ] L. Cret. NA. Glos- 
sochelys Paleoc. Olig. Eu. Peritresius Prionocbelys U. 
Cret. NA. Protochelys U. Cret. NA. Tbinocbelys U. Cret. 
NA. Toxocbelys [Phyllemys] U. Cret. NA. Dermochelyi- 
dae R. Oc. Cosmochelys Eoc. WAf. Dermochelys 
[Spbargis] PMioc. R. Oc. Eospbargis Eoc. Eu. Psepbo- 
phorus [Macrochelys] Eoc. NAf. Eoc. Plioc. Eu. Protos- 
pbargis U. Cret. Eu. Med. Cheloniidae R. Oc. Argil- 
lochelys Eoc. Eu. Caretta \ ?Pliochelys ?Proganosaurus 
Thalassocbelys ] ?U. Cret. Eoc. R. Oc. Chelonia [Che- 
lone] Paleoc. R. Oc. Eocbelone M. Olig. Eu. Glariche- 
lys L. Olig. Eu. Procolpochelys Mioc. NA. Puppigerus 
[Erquelinnesia ?Glossochelys fPachyrhynchus] Eoc. Eu. 
Rhinochelys L.-U. Cret. Eu. Allopleuron U. Cret. Eu. 
Corsocbelys U. Cret. NA. Desmatochelys U. Cret. NA. 
Syllomus Mioc. NA. EAs. NAf. Thalassemyidae Desme- 
mys L. Cret. Eu. Eurystemum [Achelonia Acicbelys Aplax 
Euryaspis Hydropelta Palaeomedusa ] Padiochelys [?Che- 
lonemys ] U. Jur. Eu. Tbalassemys U. Jur. Eu. Tropide- 
mys U. Jur. Eu. Yaxartermys U. Jur. WAs. 

superfamily testudinoidea Chelydridae R. NA. SA. 
EInd. Acberontemys Mioc. NA. Chelydra Olig. R. NA. 
CA. Olig. Plioc. ?Eu. Cbelydrops U. Mioc. NA. Chely- 
dropsis Olig. Mioc. Eu. ?As. Emarginachelys U. Cret. 
NA. Macrocepbalocbelys Plioc. EEu. Macroclemys [Ma- 
crochelys] Mioc. R. NA. Mioc. ?Eu. Planiplastron M. 
Olig. WAs. Protocbelydra L. Paleoc. NA. Emydidae R. 
Eu. As. Af. NA. SA. Batagur R. SAs. Chinemys Olig. 
EEu. Mioc. EAs. Eu. Pleist. R. EAs. Chrysemys Eoc. 
Mioc. PAs. Eoc. R. NA. CA. SA. Eu. Clemmydopsis 
Plioc. Mioc. Clemmys [Geoliemys SParalichelys] R. NA. 
Cuora ( Cyclemys ) Plioc. R. EAs. Echmatemys Eoc. NA. 
WAs. Emydoidea Plioc. R. NA. Emys [ Platemys ] PPlioc. 
R. NAf. WAs. Eu. Epiemys Plioc. EAs. Geoclemys [Po- 
lyecbmatemys ] R. Ind. Geoemyda [ Nicoria ] Eoc. R. EAs. 
CA. SA. Eu. Grayemys Eoc. WAs. Hardella Plioc. R. Ind. 
Hokoucbelys Eoc. EAs. Kachuga Plioc. R. Ind. Maure- 
mys Olig. R. As. Eu. NAf. Ocadia Eoc. Mioc. PEu. R. 
EAs. PAf. Ptychogaster Eoc. Mioc. Eu. Sakya Plioc. Pleist. 
EEu. WAs. Sharemys Olig. EAs. Temnoclemmys Mioc. 
Eu. Terrapene [ Cistudo ] Plioc. R. NA. Broilia Olig. Eu. 
Mioc. Testudinidae Geocbelone Eoc. R. NA. SA. As. Eu. 
Af. R. Ind. Gopberus Olig. R. NA. Kinixys [Cinixys 


Cinothorax ] POlig. R. Af. PEu. Stylemys Olig. Mioc. NA. 
As. PEu. Testudo [ Caudochelys Colossocbelys Ergilemys 
Eupachemys Geocbelone Eladrianus Hesperotestudo Me- 
galochelys] Eoc. R. Eu. As. NAf. Floridemys [Bystra] 
Mioc. NA. Impregnochelys L. Mioc. EAf. Kansuchelys U. 
Mioc. or POlig. EAs. ?Sinohadrianus Eoc. EAs. 

chelonia incertae sedis Sinemydidae Manchurocbelys ?U. 
Jur. EAs. Sinemys U. Jur. L. Cret. EAs. Kallokibotiidae 
Kallokibotium U. Cret. Eu. Pleurostemidae Cbengyuchelys U. 
Jur. L. Cret. SAs. Helochelys U. Cret. Eu. Pleurosternon 
[Digerrhum Megasernon Megasternum] U. Jur. L. Cret. Eu. 
As. Chelycarapookidae Chelycarapookus L. Cret. Aus. Fam- 
ily Undesignated Apertotemporalis U. Cret. NAf. Cbitrace- 
pbalus L. Cret. Eu. Dinocbelys U. Jur. NA. Hangaiemys L. 
Cret. EAs. Macrobaena Eoc. EAs. Nanhsiungchelys U. Cret. 
EAs. Scutemys ?U. Cret. EAs. Solnhofia U. Jur. Eu. 

SUBCLASS DIAPSIDA 

order ARAEOSCELIDA Petrolacosauridae Petrolacosaurus U. 
Penn. NA. Araeoscelididae Araeoscelis [Opbiodeirus] Zarca- 
saurus L. Perm. NA. ?Kadaliosaurus L. Perm. Eu. 

ORDER INCERTAE SEDIS 

Mesenosauridae Mesenosaurus PM. Perm. EEu. 

Coelurosauravidae Coelurosauravus [Daedalosaurus] U. Perm. 
Mad. Weigeltisaurus [ Palaeocbamaeleo ] U. Perm. Eu. 

Drepanosauridae Drepanosaurus U. Tris. Eu. 

Endennasauridae Endennasaurus U. Trias. Eu. 

order choristodera Champsosauridae Cbampsosaurus 
Simoedosaurus U. Cret. Eoc. Eu. NA. Eotomistoma U. Cret. 
EAs. Tchoiria Kburendukbosaurus L. Cret. EAs. 

order thalattosauria Thalattosauridae Thalattosaurus 
[Scenodon] M. Trias. NA. Askeptosauridae Askeptosaurus M. 
Trias. Eu. Claraziidae Clarazia [Hescbeleria] M. Trias. Eu. 

JNERACLASS LEPIDOSAUROMORPHA 

order eosuchia Acerosodontosauridae Acerosodonosaurus U. 
Perm. Mad. Younginidae Heleosuchus Youngina [Youn- 
goides Youngopsis] U. Perm. SAf. Tangasauridae Hovasau- 
rus Tbadeosaurus U. Perm. Mad. Tangasaurus U. Perm. EAf. 
Kenyasaurus L. Trias. EAf. Galesphyridae Galespbyrus U. 
Perm. SAf. 


order sphenodontida PGephyrosauridae Gephyrosaurus L. 
Jur. Eu. Sphenodontidae R. NZ. Bracbyrhinodon U. Trias. 
Eu. fChometokadmon U. Cret. Eu. Eilenosaurus U. Jur. NA. 
Glevosaurus U. Trias. Eu. Homeosaurus [Leptosaurus Stel- 
liosaurus] Meyasaurus U. Jur. Eu. Monjurosuchus U. Jur. 
EAs. Opisthias [ Theretairus ] U. Jur. NA. fPalacrodon L. 
Trias. SAf. fPachystropheus Pelecymala Polyspbenodon 
Planocepbalosaurus Simila U. Trias. Eu. Sapheosaurus [Pio- 
cormus Sauranodon ] U. Jur. Eu. fScharschengia L. Trias. 
EEu. Sigmala U. Trias. Eu, Toxolophosaurus L. Cret. NA. 
Pleurosauridae Palaeopleurosaurus L. Jur. Eu. Pleurosaurus 
U. Jur. L. Cret. Eu. 


Superorder lepidosauria 
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ORDER SQUAMATA 

SUBORDER LACERTIL1A 

infraorder eoi.acertilia Paliguanidae Palaeagama Pa- 
liguana Saurosternon U. Perm, or L. Trias. SAf. Kueh- 
neosauridae Cteniogenys U. Jur. Eu. NA. lcarosaurus U. 
Trias. NA. Kuehneosaurus Kuehtieosucbus Perparvus U. 
Trias. Eu. f ‘Rhabdopelix U. Trias. NA. Fulengidae Fu- 
lengia L. Jur. SAs. Eolacertilia incertae sedis Colubrifer 
L. Trias. SAf. Lacertulus U. Perm, or L. Trias. SAf. Li- 
takis U. Cret. NA. 

infraorder iguania Euposauridae Euposaurus U. Jur. 
Eu. Arretosauridae Arretosaurus U. Eoc. EAs. Iguanidae 
Aciprion M. Olig. NA. Anolis U. Olig. Pleist. R. NA. R. 
Wind. Corytophanes Pleist. NA. R. CA. SA. Crotaphy- 
tus [Gambelia] ?L. Olig. Pleist. R. NA. Ctenosaura R. 
NA. CA. Cyclura U. Pleist. R. Wind. Cypressaurus L. 
Olig. NA. Diposaums L. Mioc. R. NA. Geiseltaliellus M. 
Eoc. Eu. Harrisonsaurus L. Mioc. NA. Holbrookia Pleist. 
R. NA. ?M. Mioc. NA. Iguana U. Pleist. R. Wind. R. 
CA. SA. U. Pleist. R. SA. Laemanctus R. CA. Leioce- 
phalus Mioc. NA. Pleist. R. Wind. Leiosaurus U. Pleist. 
R. SA. Oplurus R. Mad. Paradipsosaurus Eoc. or Olig. 
NA. Parasauromalus L.-M. Eoc. NA. Phrynosoma [Eu- 
mecoides] M. Mioc.-R. NA. Pristiguana U. Cret. SA. 
Sauromalus Pleist. R. NA. Sceloporus Mioc. R. NA. 
Swa in i guano id es M. Paleoc. NA. Urosaurus R. NA. Uta 
Pleist. R. NA. Agamidae R. EEu. As. Af. EInd. Aus. 
Agama ?U. Eoc. or L. Olig. U. Mioc. Eu. Af. Paleoc. 
SAs. Clamydosaurus Pleist. R. Aus. Mimeosaurus U. Cret. 
EAs. Stellio Pleist. SWAs. R. Eu. WAs. NAf. Tinosau- 
rus Eoc. EAs. NA. Eu. SAs. Paleoc. SAs. Uromastyx U. 
Eoc. or L. Olig. U. Pleist. Eu. Chameleontidae R. Eu. Af. 
Mad. Anquingosaurus ?M. Paleoc. SAs. Chamaeleo Mioc. 
EEu. Eu. Mioc. R. EAf. 

infraorder nyctisauria (Gekkota) Ardeosauridae Ar- 
deosaurus \Eichstattosaurus\ U. Jur. Eu. Eicbstaettisau- 
rus \Broilisaurus ] U. Jur. Eu. Yabeinosaurus U. Jur. EAs. 
?U. Jur. SAs. Bavarisauridae Bavarisaurus U. Jur. Eu. 
Palaeolacerta U. Jur. Eu. Gekkonidae R. As. Af. EInd. 
Aus. CA. Wind. SA. Oceania. Aristelliger Pleist. R. Wind. 
R. CA. Cadurcogekko U. Eoc. or L. Olig. Eu. Coleo- 
nyx U. Pleist. R. NA. Cyrtodactylus R. SAs. EInd. SPac. 
Oc. Indo-Pac. Oc. Geckolepis U. Pleist. R. Mad. Gekko 
R. ?EAf. Gerandogekko Mioc. Eu. Hemidactylus R. Af. 
SAs. Pac. Oc. Maurit. Lygodactylus R. WAf. Pareodura 
U. Pleist. R. Mad. Phelsuma U. Pleist. Mad. R. Maurit. 
Pbyllodactylus M. Mioc. EEu. R. Med. NA. SA. Af. 
Mad. Aus. Rhodanogekko U. Eoc. Eu. Sphaerodactylus 
U. Pleist. R. Wind. R. CA. Tarentola U. Pleist. R. Wind. 
R. Med. NAf. SWAs. Thecadactylus U. Pleist, R. Wind. 
R. CA. SA. Pygopodidae R. Aus. 

INFRAORDER LEI>TOGLOSSA (SCINCOMORPHA) Para- 
macellodidae Becklesius [ Becklesisaurus ] U. Jur. Eu. 
Paramacellodus U. Jur. Eu. NA. Pseudosaurillus U. Jur. 
Eu. Saurillodon U. Jur. Eu. Saurillus U. Jur. Eu. Xantu- 
siidae R. NA. CA. Wind. Lepidophyma [ Impensodens \ 
Pleist. NA. R. CA. Palaeoxantusia M. Paleoc. L. Olig. 
NA. Xantusia Pleist. R. NA. Teiidae R. NA. CA. Wind. 
SA. Adamisaurus U. Cret. EAs. Ameiva Pleist. SA. U. 
Pleist. R. Wind. R. CA. SA. Callopistes U. Plio. SA. 


Cbamops [ Alethesaurus Lanceosaurus] U. Cret. NA. 
Cherminsaurus U. Cret. EAs. Cnemidophorus Plioc. R. 
NA. R. CA. SA. Wind. Darcbansaurus U. Cret. EAs. 
Dicrodon U. Pleist. R. SA. Dracaena Mioc. R. SA. Er- 
denetesaurus U. Cret. EAs. Haptosphenus Leptocham- 
ops Meniscognathus U. Cret. NA. Macrocephalosaurus 
U. Cret. EAs. Paraglyphanodon Polyglyphanodon Pene- 
teius U. Cret. NA. Tupinambis Olig. Mioc. R. SA. R. 
Wind. Scincidae R. SEu. As. Af. EInd. Aus. Oceania NA. 
CA. Wind. SA. Ablepharus L. Pleist. CAs. Chalcides 
Pleist. Med. Contogenys U. Cret. M. Paleoc. NA. Eger- 
nia U. Mioc. R. Aus. Eumeces Olig. R. NA. M. Mioc. 
NAf. Pleist. NAtl. Gongylomorphus R. Maurit. Mabuya 
U. Pleist. Wind. Mad. R. Wind. SA. Af. Mad. SAs. EInd. 
Aus. CA. Mimobecklesisaurus U. Jur. EAs. Paraconto- 
genys U. Eoc. NA. Sauriscus U. Cret. NA. Trachydo- 
saurus ?Cret. R. Aus. Lacertidae R. Eu. As. Af. Dra- 
caenosaurus Olig. (?U. Eoc.) Eolacerta M. Eoc. Eu. 
Eremias M. Mioc. NAf. R. Af. As. Lacerta Mioc. R. Eu. 
Plioc. R. Eu. Med. Plioc. EInd. R. NAf. CAs. Plesiola- 
certa PPaleoc. Olig. Eu. Pseudeumeces U. Eoc. L. Olig. 
Eu. Cordylidae (Gerrhosauridae Zonuridae) R. Af. Ger- 
rhosaurus Mioc. R. Af. Pseudolacerta L. Eoc. U. Eoc. or 
L. Olig. Eu. Dibamidae R. EAs. EInd. NA. 

INFRAORDF.R ANNULATA (AMPHISBAF.NIA) Oligodonto- 

sauridae Oligodontosaurus U. Paleoc. NA. Am- 
phisbaenidae R. Af. NA. CA. SA. Wind. SWAs. Chan- 
glosaurus Olig. EAs. Omoiotyphlops U. Eoc. or L. Olig. 
(?Mioc.) Eu. Rhineuridae Dyticonastis U. Olig. L. Mioc. 
NA. Jepsibaena Eoc. NA. Lestopbis Eoc. ?L. Olig. NA. 
Macrorhineura L. Mioc. NA. Ototriton L. Eoc. NA. 
Plesiorhineura M. Paleoc. NA. Pseudorhineura M. Olig. 
NA. Rbineura [ Platyrbacbis J Olig. R. NA. Spatborbyn- 
cbus M. Eoc. L. Olig. NA. Hyporhinidae Hyporbina 
Olig. NA. Bipedidae R. CA. Trogonophidae R. NAf. 
SWAs. 

INFRAORDER DIPLOGLOSSA (ANGUIMORPHA) 

superfamily uncertain Paravaranidae Paravanus U. Cret. 
EAs. Bainguidae Bainguis U. Cret. EAs. 

superfamily anguoidea Anguidae R. Eu. As. NAf. NA. 
SA. Wind. Anguis Olig. R. Eu. R. WAs. SWAs. Mioc. 
R. EEu. Pleist. R. SAs. Anniella U. Mioc. NA. Apodo- 
sauriscus L. Eoc. NA. Arpadosaurus L. Eoc. NA. Celes- 
tus U. Pleist. R. Wind. R. CA. Diploglossus U. Pleist. R. 
Wind. R. SA. CA. Eodiploglossus L. Eoc. NA. Eoglyp- 
tosaurus L. Eoc. NA. Gerrbonotus U. Cret. R. NA. R. 
CA. Glyptosaurus Eoc. NA. Helodermoides PEoc. L.-M. 
Olig. NA. Machaerosaurus Paleoc. Olig. NA. Melano- 
saurus Eoc. NA. PL. Olig. PEu. Odaxosaurus U. Cret. 
PPaleoc. NA. Ophipseudopus M. Eoc. Eu. Ophisauris- 
cus M. Eoc. Eu. Opbisaurus [Propseudopus Pseudopus 
Sauromorus ] Eoc. R. Eu. Mioc. NA. EEu. U. Plioc. 
SWAs. R. SAs. NAf. EInd. Paragerrhonotus L. Plioc. NA. 
Paraglyptosaurus L.-M. Eoc. NA. Parapseudopus 
Ophipseudopus Eoc. Eu. Parodaxosaurus M. Paleoc. NA. 
Peltosaurus Olig. NA. Placosaurus [ Helodermoides Lor- 
icotherium Necrodasypus Placotherium Proiguana Pro- 
tracbysaurus \ EAs. SAs. Eoc. L. Olig. Eu. Proxestops 
Paleoc. NA. Xestops [ Oreosaurus ] Eoc. NA. Eu. An- 
niellidae R. NA. Xenosauridae R. EAs. CA. Exostinus 
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VERTEBRATE CLASSIFICATION 


| Harp ago saurus Prionosaurus] U. Cret. Olig. NA. Restes 
U. Paleoc. L. Eoc. NA. Dorsetisauridae Dorsetisaurus U. 
Jur. Eu. NA. 

SUPERFAMILY VARANOIDEA (PLATYNOTA) NecrOSauridae 

Colpodontosaurus U. Cret. NA. Eosaniwa M. Eoc. Eu. 
Necrosaurus [Melanosauroides Odontomophis Palaeo- 
saurus Palaeovaranus ] Paleoc. Olig. Eu. Parasaniwa U. 
Cret. ?M. Eoc. NA. Parviderma U. Cret. EAs. iProvar- 
anosaurus Paleoc. NA. Helodermatidae R. NA. Eurhel- 
oderma U. Eoc. or L. Olig. Eu. Heloderma Olig. Mioc. 
R. NA. ?Paraderms U. Cret. NA. Varanidae R. SAs. Af. 
EInd. Aus. Chilingosaurus U. Cret. EAs. lberovaranus M. 
Mioc. Eu. Megalania [Notiosaurus] Pleist. Aus. f Pacby- 
vanarus U. Cret. NAf. Palaeosaniwa [ Megasaurus ] U. 
Cret. NA. Saniwa [Thinosaurus] Eoc. Olig. NA. Eoc. Eu. 
Saniwides U. Cret. EAs. Telmasaurus U. Cret. EAs. 
Varanus Mioc. PPleist. Eu. Mioc. EAf. CAs. Plioc. EEu. 
SWAs. Med. Plioc. R. Ind. Pleist. Aus. Pleist. R. SAs. 
Lanthanotidae R. EInd. Cherminotus U. Cret. EAs. 
Aigialosauridae Aigialosaurus Carsosaurus [Opetiosaurus 
Mesoleptos ] fComasaurus M. Cret. Eu. Proaigialosaurus 
U. Jur. Eu. Dolichosauridae Acteosaurus [Adriosaurus] M. 
Cret. Eu. Dolichosaurus M. Cret. Eu. Eidolosaurus 
Pontosaurus [Hydrosaurus] L. Cret. Eu. Mosa- 
sauridae Amphekepubis U. Cret. NA. Angolosaurus U. 
Cret. WAf. Clidastes U. Cret. NA. Cotnpressidens Dol- 
losaurus U. Cret. Eu. Ectenosaurus U. Cret. NA. Globi- 
dens U. Cret. Eu. NA. SWAs. NAf. ?EInd. Hainosaurus 
U. Cret. Eu. Halisaurus U. Cret. NA. Liodon U. Cret. 
Eu. NA. Mosasaurus [Baseodon Batrachiosaurus Ba- 
trachotherium Drepanodon Lesticodus Macrosaurus 
Nectoportbeus Pterycollosaurus ] U. Cret. Eu. NA. Pla- 
tecarpus [Holosaurus Lestosaurus Sironectes ] U. Cret. Eu. 
NA. Plesiotylosaurus U. Cret. NA. Plioplatecarpus U. 
Cret. Eu. NA. Plotosaurus [Kolposaurus] Prognatbodon 
[Ancylocentrum Brachysaurus Prognathosaurus ] U. Cret. 
Eu. EEu. NA. Taniwhasaurus U. Cret. NZ. Tylosaurus 
[Rbamposaurus Rhinosaurus ] U. Cret. NA. Anguimor- 
pha incertae sedis Gobiderma Proplatynotia U. Cret. EAs. 

lacertilia incertae sedis Anbuisaurus Paleoc. SAs. Ar- 
aeosaurus U. Cret. Eu. Changjiangosaurus Paleoc. SAs. 
Conicodontosaurus U. Jur. or ?L. Cret. SAs. U. Cret. EAs. 
Costasaurus U. Cret. Eu. Cteniogenys U. Jur. NA. Eu. 
Dibolosodon L. Mioc. SA. Durotrigia U. Jur. Eu. Haplo- 
dontosaurus Paleoc. NA. Iguanavus M. Eoc. NA. Ilerdae- 
saurus U. Jur. or L. Cret. Eu. Isodontosaurus U. Cret. EAs. 
Lisboasaurus U. Jur. Eu. Litakis U. Cret. NA. Meyasau- 
rus U. Jur. or L. Cret. Eu. Paraprionosaurus ?Paleoc. M. 
Eoc. NA. Qiansbanosaurus Paleoc. SAs. Teilkardosaurus U. 
Jur. EAs. 

SUBORDER SERPENTES 

infraorder scolecophidia Typhlopidae Typhlops M. 
Mio. Eu. R. Eu. SAs. Af. SA. EInd. Wind. Aus. Lepto- 
typhlopidae R. SA. Wind. Af. WAs. 

infraorder henophidia 

superfamily simoliopheoidea Lapparentopheidae Lap- 
parentopbis L. Cret. NAf. Simoliopheidae Sitnoliopbis U. 
Cret. Eu. 


superfamily anilioidea Aniliidae Colombophis M. Mioc. 
SA. Coniophis U. Cret. M. Eoc. NA. U. Eoc. Eu. 
Eoanilius U. Eoc. Eu. Uropeltidae R. Ind. Ceylon 

superfamily booidea Dinilysiidae Dinilysia U. Cret. SA. 
Xenopeltidae R. CA. SEAs. Boidae R. Af. Mad. Aus. 
SAs. EEu. NA. CA. SA. Albaneryx M. Mioc. Eu. Ani- 
lioides L. Mioc. NA. Boavus R. Af. Mad. Aus. SAs. 
EEu. NA. CA. SA. Bransateryx U. Olig. Eu. Cadurce- 
ryx U. Eoc. Eu. Cadurcoboa U. Eoc. Eu. Calamagras M. 
Eoc. ?M.-U. Olig. L. Mioc. NA. L. Eoc. Eu. Charina M. 
Mioc. R. NA. Cbeilophis M. Eoc. NA. Daunoplis Plioc. 
SAs. Dawsonophis U. Eoc. NA. Durtnopbis L.-U. Eoc. 
Eu. M. Eoc. NA. Eunectes M. Mioc. R. SA. fGermgo- 
phis M. Olig. L. Mioc. NA. Gigantophis U. Eoc. NAf. 
Helagras Paleoc. NA. Huberophis U. Eoc. NA. ? ‘Litho- 
pbis M. Eoc. NA. Madtsoia L. Eoc. SA. Ogmophis U. 
Eoc. L.-M. Olig. L.-M. Plioc. NA. Paleopytbon ?M.-U. 
Eoc. POlig. Eu. Paleryx U. Eoc. Eu. Paraepicrates M. 
Eoc. NA. Platyspondylia U. Olig. Eu. Plesiotortrix U. 
Eoc. Olig. Eu. Pseudopicrates L. Mioc. NA. Pterygoboa 
L.-M. Mioc. NA. Python L. Mioc. EAf. Tregophis U. 
Mioc. NA. Wonambi Pleist. SAf. ?PaIaeophidae Ar- 
chaeophis L. Eoc. Eu. WAs. Palaeophis [Dinopbis Ti- 
tanopbis] M. Eoc. WAf. U. Cret. L. Eoc. NAf. Ptero- 
phenus M.-U. Eoc. NA. M. Eoc. NAf. U. Eoc. SA. 

SUPF.RFAM1LY acrochordoidea Acrochordidae Acrochor- 
dus M. Mioc. Ind. R. SAs. Aus. Nigeropheidae L. 
Paleoc. WAf. Woutersophis M. Eoc. Eu. 

infraorder caenophidia 

superfamily colubroidea Anomalopheidae Anomalo- 
phis L. Eoc. Eu. Russellopheidae Russellopbis L. Eoc. 
NA. Colubridae Ameiseopbis L. Mioc. NA. Coluber M.-U. 
Olig. M.-U. Mioc. L.-M. Pleist. Eu. U. Mioc. U. Plioc. 
R. EEu. Plioc. R. NA. R. As. NAf. EInd. Dakotaophis 

L. Mioc. NA. Diadopbis M. Mioc. R. NA. Dolniceo- 
pbis L. Mioc. Eu. Dryinoides M. Mioc. NA. Elapbe M.- 
U. Mioc. Plioc. R. NA. U. Mioc. EEu. R. Eu. EInd. As. 
Heterodon U. Mioc. Plioc. R. NA. Lampropeltis M. 
Mioc. Plioc. L. Pleist. R. NA. Malpolon L. Plioc. R. Eu. 
R. SWAs. NAf. Mionatrix M. Mioc. EAs. Natrix M. 
Mioc. R. Eu. R. NA. As. Af. EInd. Nebraskopbis M. 
Mioc. NA. Neonatrix M. Mioc. NA. Nerodia U. Mioc. 
Plioc. NA. Palaeomalpolon M. Pleist. EEu. Palaeonatrix 

M. Mioc. EEu. Paleofarancia U. Mioc. NA. Paleobeter- 
odon M. Mioc. NA. Paracoluber M. Mioc. NA. Par- 
aoxybelis L. Mioc. NA. Protropidonotus M. Mioc. Eu. 
Pseudocemophora L. Mioc. NA. Regina L. Pleist. NA. 
Salvadora M. Mioc. NA. Stilosoma U. Mioc. R. NA. 
Texasophis M. Olig. M.-U. Mioc. NA. Mioc. Eu. Elap- 
idae [including Hydropheidae] Naja M. Mioc. NAf. R. 
SAs. EInd. Palaeonaja M. Mioc. L. Plioc. Eu. Viperidae 
[including Crotalidae] Bitis L. Pleist. EAf. R. Eu. Vi- 
pera U. Mioc. EEu. R. Eu. As. EInd. Crotalus U. Pleist. 
R. NA. 

SERPENTES INCERTAE SEDIS 

Goinophis L. Mioc. NA. Opbidium U. Mioc. Plioc. SA. 
Mesopbis Pacbyophis U. Cret. Eu. 
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Superorder sauropterygia 

ORDER 1NCF.RTAE sedis Claudiosauridae Claudiosaurus U. 
Perm. Mad. 

order nothosauria Pachypleurosauridae Anarosaurus Dac- 
tylosaurus M. Trias. Eu. Keichousaurus M. Trias. EAs. 
Neusticosaurus M.-U. Trias. Eu. Pachypleurosaurus [ Pachy - 
pleura ] fPsilotracbelosaurus Phygosaurus M. Trias. Eu. Si- 
mosauridae Simosaurus [?Opeosaurus] M. Trias. Eu. No- 
thosauridae Ceresiosaurus Lariosaurus [Macromerosaurus] M. 
Trias. Eu. Nothosaurus [ Conchiosaurus Dracosaurus Oligo- 
lycus] M.-U. Trias. Eu. M. Trias. SWAs. Paranothosaurus 
Proneusticosaurus IRhaeticonia M. Trias. Eu. Cymatosauri- 
dae Cymatosaurus [ Germanosaurus Micronothosaurus ] M. 
Trias. Eu. SWAs. Pistosauridae Pistosaurus M. Trias. Eu. 

nothosauria incertae SEDrs Corosaurus U. Trias. NA. El - 
mosaurus M. Trias. Eu. Kwangsisaurus Metanothosaurus L. 
Trias. EAs. Parthanosaurus M. Trias. Eu. 

ORDER PLESIOSAURI A 

superfamily plesiosauroidea Plesiosauri dae Plesiosaurus 
L. Jur. Eu. Cryptodididae Cryptoclidus [Cryptocleidus] 
Kimmerosaurus U. Jur. Eu. fAristonectes U. Cret. SA. 
Elasmosauridae Alzadasaurus L. Cret. NA. SA. Apbro- 
saurus U. Cret. NA. Brancasaurus L. Cret. Eu, Elasmo- 
saurus Fresnosaurus Hydralmosaurus Hydrotherosaurus 
Leurospondylus U. Cret. NA. Mauisaurus U. Cret. NZ. 
Microcleidus L. Jur. Eu. Muraenosaurus U. Jur. Eu. 
Wind. Morenosaurus U. Cret. NA. Styxosaurus Thalas- 
somedon U. Cret. NA. Tricleidus U. Jur. Eu. Woolun- 
gasaurus U. Cret. Aus. 

SUPERFAMILY PLIOSAUROIDEA Pliosauridae Archaeonectrus 
Eretmosaurus Eurycleidus fEurysaurus Macroplata 
Rhomaleosaurus L. Jur. Eu. Bishanopliosaurus L. Jur. 
EAs. Brachauchenius Dolichorhynchops [ Trinacrom - 
erum] U. Cret. NA. Kronosaurus L. Cret. Aus. Lepto- 
cleidus L. Cret. Eu. Liopleurodon [Ischyrodon] U. Jur. 
Eu. ?Megaltieusaurus U. Jur. NA, Peloneustes U. Jur. Eu. 
Peyerus L. Cret. SAf. Pliosaurus M.-U. Jur. Eu. Polyp- 
tychodon U. Cret. Eu. NA. Simolestes Stretosaurus U. 
Jur. Eu. Sinopliosaurus U. Jur. EAs. Strongylokrotaphus 
U. Jur. EEu. Yuzhoupliosaurus M. Jur, EAs. 

plesiosauri A incertae sedis Aptycbodon U. Cret. Eu. Bri- 
mosaurus Discosaurus Piptomerus Piratosaurus U. Cret. NA. 
Sthenarosaurus L. Jur. Eu. 


INFRACLASS ARCHOSAUROMORPHA 

order protorosauria Protorosauridae Protorosaurus U. 
Perm. Eu. Prolacertidae Boreopricea Cosesaurus Macrocne- 
mus Megacnemus M. Trias. Eu. IKadimakara L. Trias. Aus. 
? Malerisaurus U. Trias. SAs. Prolacerta [ Priced ] L. Trias. SAf. 
Prolacertoides L. Trias. EAs. Tanystropheidae Tanystro- 
pheus L.-M. Trias. Eu. Tanytrachelos U. Trias. NA. Incer- 
tae sedis fTrachelosaurus L. Trias. Eu. 

order trilophosauria Trilophosauridae ? Anisodontosaurus 
L. Trias. NA. Tricuspisaurus Variodens U. Trias. Eu. Trilo- 
pbosaurus U. Trias. NA. 


order rhynchosauria Rhynchosauridae lEifelosaurus L. 
Trias. Eu. Hoivesia Mesosucbus L. Trias. SAf. Hyperodape- 
don [ Stenometopon Paradapedon ] U. Trias. Eu. SAs. Meso- 
dapedon U. Trias. SAs. Rhyncbosaurus M.-U. Trias. Eu. 
Scaphonyx [Cephalonia Cephalastron Cephalastronius Sca- 
phonychimus ] M. Trias. SA. Stenaulorhynchus M. Trias. EAf. 

Superorder archosauria 

ORDER THECODONTIA 

suborder proterosuchia Proterosuchidae Archosaurus U. 
Perm. EEu. Chasmatosaurus [? Ankistrodon fElapbrosu- 
chus fProterosuchus ] L. Trias. SAf. EAs. SAs. Chasmato- 
suchus L. Trias. EEu. Kalisuchus Tasmaniosaurus L. Trias. 
Aus. Xilousuchus ?M. Trias. EAs. Erythrosuchidae 
? Arizonasaurus M. Trias. NA. Erythrosuchus L. Trias. SAf. 
ICuyosuchus L. Trias. SA. Fugusucbus L. Trias. EAs. 
Garjaitiia L. Trias. EEu. ? Kalisuchus L. Trias. Aus. Shan- 
sisucbus L. Trias. EAs. Vjushkovia L. Trias. EEu. EAs. 
PProterochampsidae Cerritosaurus | fRhadinosuchus] Chan- 
aresuchus Gualosuchus M. Trias. SA. Proterochampsa U. 
Trias. SA. 

suborder ornithosuchia Euparkeriidae Euparkeria 
l Browniella ] L. Trias. SAf. f Halazaisuchus Turfanosuchus 
?Wangisuchus L. Trias. EAs. Omithosuchidae Ornithosu- 
chus [Dasygnathus] U. Trias. Eu. Riojasuchus U. Trias. SA. 
Venaticosuchus U. Trias. SA. Lagosuchidae Lagosuchus 
Lagerpeton M. Trias. SA. 

suborder rauisuchia Rauisuchidae Fasolasuchus U. Trias. 
SA. Heptasuchus U. Trias. NA. ? Hoplitosaurus fProcero- 
suchus Luperosuchus M. Trias. SA. “ Mandasuchus ” Sta- 
gonosuchus M. Trias. EAf. Prestosuchus M. Trias. SA. 
Rauisuchus M. Trias. SA. Saurosuchus U. Trias. SA. Tici- 
nosuchus M. Trias. Eu. i Vjushkovisaurus M. Trias. NA. 
Poposauridae Poposaurus Postosuchus U. Trias. NA. 
f ‘Teratosaurus U. Trias. Eu. fSinosaurus L. Jur. EAs. 

suborder aetosauria Stagonolepididae Aetosaurus fEbra- 
chosaurus Stagonolepis U. Trias. Eu. Aetosauroides Ar- 
gentinosuchus Neoaetosauroides U. Trias. SA. Desmatosu- 
chus Stegomus Typothorax U. Trias. NA. 

suborder incertae sedis Erpetosuchidae Erpetosuchus 
IDyoplax U. Trias. Eu. fParringtonia M. Trias. EAf. 
Ctenosauriscidae Ctenosauriscus L. Trias. Eu. Hypselor- 
hachis M. Trias. SA. Lotosaurus M. Trias. EAs. Gracili- 
suchidae Gracilisuchus fLewisuchus M. Trias. SA. Scler- 
omochlidae Scleromochlus U. Trias. Eu. Unnamed family 
Megalancosaurus U. Trias. Eu. 

suborder phytosauria Phytosauridae Angistorhinus [ Bra - 
cbysuchus] U. Trias. NA. NAf. Belodon Mystriosuchus U. 
Trias. Eu. Nicrosaurus [Heterodontosucbus Lophoproso- 
pus Lophorhinus] U. Trias. Eu. NA. SAs. Parasuchus 
[Ebrachosucbus Francosuchus ?Mesorbinosucbus Paleor- 
hinus fPromystriosuchus ] U. Trias. Eu. SA. NA. Mad. 
Rutiodon [Angistorhinopsis fClepsysaurus Leptosuchus 
Machaeroprosopus Metarhinus Pseudopalatus Rhytidodon ] 
U. Trias. Eu. NA. PSAs. 

thecodontia incertae sedis Clarencea U. Trias. SAf. Don- 
gusia M. Trias. EEu. fDoswellia U. Trias. NA. Fetihosu - 
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chus L. Trias. EAs. Heleosaurns U. Perm. SAf. fMegalanco- 
saurus U. Trias. Eu. i ‘Microchampsa L. Jur. EAs. “ Pallisteria ” 
“Teleocrater” M. Trias. EAf, Strigosuchus L. Jur. EAs. 

ORDER CROCODYLIA 

psuborder TRtALESTiA Trialestidae Trialestes \Triassolestes] 
U. Trias. Eu. 

suborder sphenosuchia Saltoposuchidae Saltoposuchus 
Terrestrisuchus U. Trias. Eu. Sphenosuchidae iDibothro- 
suchus L. Jur. EAs. Hesperosuchus U. Trias. NA. Pseud- 
hesperosuchus U. Trias. SA. Spbenosuchtts U. Trias. SAf. 

suborder protosuchia Platyognathidae Platyognathus L. 
Jur. EAs. Protosuchidae Baroqueosuchus L. Jur. SAf, Di- 
anosuchus L. Jur. EAs. Eopneumatosuchus L. Jur. NA. 
Hemiprotosuchus U. Trias. SA. Lesotbosuchus Noto- 
champsa \ Orthosuchus] Erythrochampsa Pedeticosaurus L. 
Jur. SAf. Protosuchus Stegomosuchus L. Jur. NA. 

suborder hallopoda Hallopidae Hallopus U. Jur. NA. 

suborder mesosuchia Teleosauridae Aeolodott [ Engyoni - 
masaurus Glaphyrorhyttchus] U. Jur. Eu. Gavialinum M. 
Jur. Eu. f Haematosaurus U. Jur. Eu. Machimosaurus 
[Madrimosaurus] U. Jur. L. Cret. Eu. Mycterosucbus U. 
Jur. Eu. Mystriosaurus Platysuchus L. Jur. Eu. Steneosau- 
rus L. Jur. SA. L.-U. Jur. Eu. L.-M. Jur. Mad. Teleosau- 
rus M. Jur. Eu. Metriorhynchidae Capellineosuchus Ena- 
liosuchus L. Cret. Eu. Dakosaurus U. Jur. L. Cret. Eu. 
Geosaurus [Brachytaenius Cricosaurus Itlilimnosaurus 
Neustosaurus] U. Jur. L. Cret. Eu. U. Jur. SA. Metrior- 
hynchus [Rhachaeosaurus Purranisaurus] M.-U. Jur. Eu. M.- 
U. Jur. SA. Pelagosaurus L. Jur. Eu. Teleidosaurus M. Jur. 
Eu. Pholidosauridae Anglosuchus Crocodilaemus U. Jur. Eu. 
?Meridiosaurus L. Cret. SA. Peipehsuchus U. Jur. EAs. 
fPetrosuchus Pholidosaurus U. Jur. L. Cret. Eu. Sarcosu- 
chus L. Cret. SA. NAf. Suchosaurus L. Cret. Eu. Teleor- 
binus [ Terminonaris ] L.-U. Cret. NA. ?Eu. Atoposauridae 
Alligatorellus Alligatorium Atoposaurus U. Jur. Eu. Ho- 
plosucbus U. Jur. NA. Karatausuchus U. Jur. CAs. Shan- 
tungosucbus U. Jur. EAs. Theriosuchus U. Jur. Eu. Gonio- 
pholididae ?Coelosuchus 'Dakotasuchus U. Cret. NA. 
Goniopholis [Nannosuchus fAmphicotylus iEutetraurano- 
suchus iDiplosaurus] U. Jur. L. Cret. Eu. U. Jur. EAs. ?U. 
Jur. U. Cret. ?NA. fltasucbus fMicrosuchus U. Cret. SA. 
Kansajsuchus U. Jur. CAs. Oweniasuchus [ Brachydectes ] U. 
Jur. Eu. fPinacosucbus iPliogonodon i Poly dec tes U. Cret. 
NA. fSunosuchus U. Jur. EAs. SEAs. fSymptosucbus U. 
Cret. SA. Vectisuchus L. Cret. Eu. Dyrosauridae Atlanto- 
sucbus Paleoc. NAf. Dyrosaurus Paleoc. NAf. Hyposaurus 
[Congosaurus Sokotosaurus Wurnosaurus] U. Cret. NA. SA. 
Paleoc. Eoc. NAf, WAf. Phosphatosaurus Eoc. NAf. 
Rhabdognathus [Rhabdosaurus] Eoc. NAf. WAf. Sokoto- 
sucbus U. Cret. WAf. Tilemsisuchus Eoc. NAf. Paralliga- 
toridae Paralligator U. Cret. EAs. Shamosuchus L. Cret. 
EAs. Hsisosuchidae ?Doratodon U. Cret. Eu. Hsisosuchus 
U. Cret. Eu. Bemissartiidae Bemissartia U. Jur. L. Cret. Eu. 
Trematochampsidae 'Babanjodon U. Cret. NAf. Tremato- 
champsa L. Cret. NAf. U. Cret. Mad. Libycosuchidae Li~ 
bycosuchus L.-U. Cret. NAf. Notosuchidae Notosuchus U. 
Cret. SA. Uruguaysuchidae Araripesucbus L. Cret. SA. NAf. 
?Peirosaurus U. Cret. SA. Uruguaysuchus U. Cret. SA. 
Baurusuchidae Baurnsuchus Cynodontosuchus U. Cret. SA. 


?Bergisuchus Iberosuchus Eoc. Eu. Sebecidae Ilchunaia Eoc. 
SA. Sebecus PPaleoc. Eoc. Mioc. SA. PGobiosuchidae 
Gobiosuchus U. Cret. EAs. ?Edentosuchidae Edentosuchus 
L. Cret. EAs. 

suborder eosuchia ?f Iylaeochampsidae Hylaeochampsa 
[ Heterosuchus ] L. Cret. Eu. Stomatosuchidae fAegyptosu- 
chus Stomatosuchus [ Stromerosuchus ] U. Cret. NAf. 
tChiayusuchus U. Cret. EAs. Dolichochampsidae Dolicho- 
champsa U. Cret. SA. Gavialidae Eogavialis Eoc. Olig. 
NAf. Gavialis Mioc. R. SAs. Pleist. EAs. Gavialosuchus 
Mioc. Eu. Gryposucbus [Rhamphostopsis Rhamphostoma ] 
Olig. Plioc. SA. lkanogavialis Hesperogavialis Mioc. SA. 
Rhampbosucbus Plioc. SA. Alligatoridae Akanthosuchus 
Paleoc. NA. Alligator [ Caitnanoidea ] Olig. R. NA. R. EAs. 
Allognathosuchus [Arambourgia Hassiacosuchus] Paleoc. 
Eoc. NA. Eu. Balanerodus Olig. SA. Caiman [Brachygna- 
thosuchus Dinosuchus Proalligator Purrusaurus Xenosu- 
chus\ Olig. R. SA. R. CA. Ceratosuchus Paleoc. NA. Di- 
plocynodon [Orthosaurus Boverisuchus Caimanosuchus 
Eocenosuchus ] Eoc. NA. Eoc. Plioc. Eu. Eoalligator ?Pa- 
leoc. EAs. Hispanochampsa Olig. Eu. Melanosuchus Plioc. 
R. SA. Paleosuchus Plioc. R. SA. R. CA. Procaimanoidea 
Eoc. NA. fProdiplocynodon U. Cret. NA. Wannangosu- 
chus Paleoc. NA. Crocodylidae Aigialosuchus U. Cret. Eu. 
Allodaposuchus U. Cret. Eu. Asiatosuchus Eoc. EAs. Eu. 
?NA. Bracbyuranocbampsa Eoc. NA. Charactosuchus Mioc. 
SA. Eoc. EInd. Crocodylus [Crocodilus Champsa Theca- 
champsa\ ?Eoc. Plioc. Eu. Paleoc. R. Af. NA. As. Pleist. R. 
Aus. EInd. CA. Wind. Mad. Deinosuchus \ Phobosuchus ] 
U. Cret. NA. Dollosuchus Eoc. Eu. Eosucbus Eoc. Eu. 
Euthecodon Mioc. Pleist. NAf. Holopsisuchus U. Cret. NA. 
Kentisuchus Eoc. Eu. Leidyosuchus U. Cret. Eoc. NA. 
Lianghusuchus Eoc. EAs. Megadontosuchus Eoc. Eu. 
Mourasucbus [Nettosuchus] Mioc. Plioc. SA. ?Navajosu- 
chus Paleoc. NA. Necrosuchus Paleoc. SA. Ortbogenysu- 
chus Eoc. NA. Osteolaemus R. Af. Pallimnarchus Pleist. 
Aus. Planocrania Paleoc. EAs. Pristichampsus [Limnosau- 
rus Boverisuchus Weigeitisuchus ] Eoc. Eu. NA. SAs. 
Qumkana Pleist. Aus. Thoracosaurus [Sphenosaurus] U. 
Cret. NA. Eu. ?Tienosuchus Eoc. EAs. Tomistoma Mioc. 
Eu. NA. Eoc. R. As. 

ORDER PTEROSAUR1A 

suborder rhamphorhynchoidea Dimorphodontidae Di- 
tnorphodon L. Jur. Eu. Peteinosaurus U. Trias. Eu. Eudi- 
morphodontidae Eudimorphodon U. Trias. Eu. Campylog- 
nathoididae Campy lognathoides L. Jur. Eu. 
Rhamphorhynchidae Preondactylus U. Trias. Eu. Doryg- 
natbus ?Comodactylus Nesodactylus U. Jur. NA. Parapsi- 
cephalus U. Jur. Eu. Rhamphorhynchus [?Odontorhyn- 
chus] U. Jur. Eu. Af. Scaphognathus U. Jur. Eu. Sordes U. 
Jur. CAs. 

suborder pterodactyloidea Dsungaripteridae Dsungarip- 
terus ?U. Jur. EAf. L. Cret. EAs. Putanipterus L. Cret. SA. 
Noripterus L. Cret. EAs. Ctenochasmatidae Ctenochasma 
U. Jur. Eu. Gnathosaurus U. Jur. Eu. Huanhepterus U. Jur. 
EAs. Pterodaustriidae Pterodaustro ?L. Cret. SA. Ptero- 
dactylidae fDermodactylus U. Jur. NA. Germanodactylus 
Gallodactylus U. Jur. Eu. iHerbstosaurus M. Jur. SA. 
Pterodactylus [Cycnorhampbus Diopecephalus Ornithoce- 
phalus Ptenodracon] U. Jur. Eu. ?EAs. Omithocheiridae 
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Araripesaurus Araripedactylus Santanadactylus L. Cret. SA. 
Criorhynchus [ Coloborhyncbus ] U. Cret. Eu. Ornithocbei- 
rus [Cimoliornis Lonchodectes] U. Cret. Eu. Ornitbodes- 
mus U. Cret. Eu. Pteranodon \Nyctodactylus Nyctosaurus 
Occidentals Geosternbergia) U. Cret. NA. Titanopteryx U. 
Cret. SWAs. “ Quetzalcoatlus ” U. Cret. NA. 

ORDER SAURISCHIA 

suborder STAURIKOSAURIA Staurikosauridae Staurikosaurus 
M.-U. Trias. SA. ?Spondylosoma M. Trias. SA. Herrera- 
sauridae Herrerasaurus flscbisaurus U. Trias. SA. 

SUBORDER theropoda Podokesauridae Avipes l lalticosau- 
rus [Dolicbosucbus] Procompsognathus [fPterospondylus] 
Saltopus Velocipes U. Trias. Eu. Coelophysis Podokesau- 
rus U. Trias. NA. Dilopbosaurus L. Jur. NA. fLukousau- 
rus L. Jur. EAs. Segisaurus L. Jur. NA. Syntarsus L. Jur. 
SAf. Coeluridae Aristosucbus [Calamospondylus Theco- 
coelurus Tbecospondylus] L. Cret. Eu. Coelurus Ornitho- 
lestes U. Jur. NA. Inosaurus L. Cret. NAf. Kakuru L. Cret. 
Aus. Microvenator L. Cret. NA. fSinocoelurus U. Jur. EAs. 
fTeinurosaurus [Caudocoelus] U. Jur. Eu. Shanshanosauri- 
dae Shansbanosaurus U. Cret. EAs. Compsognathidae 
Compsognathus U. Jur. Eu. Ornithomimidae Arckaeorni- 
tbomimus L. Cret. NA. U. Cret. EAs. ?Betasuchus U. Cret. 
Eu. Dromiceiomimus Coelosaurus Ornithomimus Stru- 
thiomimus U. Cret. NA. Elapbrosaurus U. Jur. EAf. ?NA. 
Gallimimius U. Cret. EAs. Garudimimus U. Cret. EAs. 
Tugulusaurus L. Cret. EAs. Deinocheiridae Deinocheirus U. 
Cret. EAs. Therezinosauridae Therezinosaurus U. Cret. EAs. 
Elmisauridae Chirostenotes \Macrophalangia\ U. Cret. NA. 
FJmisaurus U. Cret. EAs. Oviraptoridae Caenagnatbus U. 
Cret. NA. Oviraptor Ingenia U. Cret. EAs. Dromaeosaur- 
idae Deinonychus L. Cret. NA. iHulsanpes Velociraptor U. 
Cret. EAs. fParonycbodon Dromaeosaurus Saurornitho- 
lestes U. Cret. NA. Phaedrolosaurus L. Cret. EAs. Sau- 
rornithoididae Pectinodon Stenonycbosaurus fTroodon U. 
Cret. NA. Saurornithoides U. Cret. EAs. Megalosauridae 
Bahariasanrus Carcbarodontosaurus U. Cret. NAf. 
fCbingkankousaurus U. Cret. EAs. iEmbasasaurus L. Cret. 
CAs. Erectopus L. Cret. Eu. ?U. Cret. NAf. Eustreptos- 
pondylus N. Jur. Eu. Kelmayisaurus L. Cret. EAs. Majun- 
gasaurus U. Cret. Mad. Megalosaurus [Magnosaurus Sar- 
cosaurus) L.-U. Jur. Eu. NAf. ?EAf. Metriacanthosaurus U. 
Jur. Eu. Poekilupleuron M. Jur. Eu. Szecbuanosaurus U. 
Jur. EAs. Torvosaurus U. Jur. NA. Xuanhanosaurus M. 
Jur. EAs. Allosauridae Allosaurus [? Antrodemus] U. Jur. 
NA. ?EAf. L. Cret. Aus. Itidosaurus [?Orthogoniosaurus\ 
U. Cret. SAs. Piatnitzkysaurus M. Jur. SA. Piveteausaurus 
U. Jur. Eu. Y angchuanosaurus U. Jur. EAs. Spinosauridae 
Altispinax L. Cret. Eu. ? Acrocantbosaurus L. Cret. NA. 
Spinosaurus U. Cret. NAf. Ceratosauridae Ceratosaurus U. 
Jur. NA. ?EAf. ?Chienkosaurus U. Jur. EAs. fProcerato- 
saurus M. Jur. Eu. Dryptosauridae iDryptosauroides U. 
Cret. SAs. Dryptosaurus U. Cret. NA. Tyrannosauridae 
Albertosaurus [ Gorgosaurus ] Daspletosaurus U. Cret. NA. 
Alioramus Alectrosaurus U. Cret. EAs. Genyodectes U. 
Cret. SA. Indosuchus U. Cret. SAs. Tyrannosaurus [Tar- 
bosaurus\ U. Cret. NA. EAs. 

theropoda incertae sedis Aublysodon U. Cret. NA. 
Avimimus U. Cret. EAs. Avisaurus U. Cret. NA. PSA. 
Bradycneme Heptasteornis U. Cret. Eu. Cbilantaisaurus U. 


Cret. EAs. Coeluroides Compsosuchus jubbulpuna Laevi- 
sucbus Ornitbomimoides U. Cret. SAs. Iliosuchus M. Jur. 
Eu. ltemirus U. Cret. CAs. Labocania U. Cret. CA. 
Marshosaurus Stokesosaurus U. Jur. NA. Noasaurus U. 
Cret. SA. Rapator Walgettosuchus U. Cret. Aus. 

suborder sauropodomorpha 

infraorder plateosauria Anchisauridae Ammosaurus L. 
Jur. NA. Anchisaurus [Ampbisaurus Gyposaurus Mega- 
dactylus Yaleosaurus] L. Jur. NA. SAf. Azendohsaurus U. 
Trias. NAf. Coloradia U. Trias. SAf. Euskelosaurus 
[Euskelesaurus Gigantoscelis Plateosauravus] U. Trias. 
SAf. Lugengosaurus |7 Yunnanosaurus I L. Jur. EAs. 
Massospondylus [ Aetonyx Aristosaurus Dromicosaurus 
Gryponyx Leptospondylus ] L. Jur. SAf. NA. fMussau- 
rus U. Trias. SA. Plateosaurus [ Dimodosaurus Gresslyo- 
saurus Pachysauriscus Pachysaurus ] U. Trias. Eu. PSA. 
Sellosaurus [Efraasia] U. Trias. Eu. Melanorosauridae 
Camelotia U. Trias. Eu. Melanorosaurus U. Trias. SAf. 
Riojasaurus [ Strenusaurus \ U. Trias. SA. Vulcanodon L. 
Jur. SAf. Blikanasauridae Blikanasaurus U. Trias. SAf. 

infraorder sauropoda Cetiosauridae Amygdalodon M. 
Jur. SA. Barapasaurus L. Jur. SAs. Cetiosaurus [ Cardi - 
odon\ M.-U. Jur. Eu. Haplocanthosaurus U. Jur. NA. 
Rboetosaurus L. Jur. Aus. Shunosaurus M. Jur. EAs. 
Volkheimeria Patagosaurus M. Jur. SA. ■'Ztzhongosau- 
rus ?L. Jur. EAs. Diplodocidae Apatosaurus [ Atlanta - 
saurus Brontosaurus Elosaurus] Barosaurus U. Jur. NA. 
EAf. Cetiosauriscus U. Jur. Eu. Dicraeosaurus U. Jur. 
EAf. Diplodocus U. Jur. NA. Mamencbisaurus U. Jur. 
EAs. Nemegtosaurus Questosaurus U. Cret. EAs. Bra- 
chiosauridae fAstrodon [?Pleurocoelus] L. Cret. NA. PEu. 
i Austro saurus L. Cret. Aus. Bothriospondylus M.-U. Jur. 
Eu. Mad. Brachiosaurus U. Jur. NA. EAf. Pelorosaurus 
[Dinodocus Gigantosaurus Oplosaurus Ornithopsis] 
L. Cret. Eu. Rebbacbisaurus L. Cret. NAf. Titanosauri- 
dae Aegyptosaurus U. Cret. NAf. tAepisaurus L. Cret. 
Eu. Alamosaurus U. Cret. NA. fAlgoasaurus L. Cret. 
SAf. Antarctosaurus Argyrosaurus ?Campylodoniscus U. 
Cret. SA. fChubutisaurus L. Cret. SA. Hypselosaurus U. 
Cret. Eu. Laplatasaurus U. Cret. SA. Mad. Loricosau- 
rus U. Cret. SA. fMacrurosaurus U. Cret. Eu. Saltasau- 
rus U. Cret. SA. Titanosaurus [ Magyarosaurus ] PL.-U. 
Cret. Eu. U. Cret. SAs. SA. Tornieria [ Gigantosaurus \ U. 
Jur. EAf. Camarasauridae Camarasaurus [EJintasaurus 
Morosaurus] U. Jur. NA. Opisthocoelocaudia U. Cret. 
EAs. Euhelopodidae fChiayusaurus U. Cret. EAs. Eu- 
helopus [Helopus] U. Jur. or L. Cret. EAs. Omeisaurus 
U. Jur. EAs. Tienshanosaurus ?U. Jur. EAs. 

sauropoda incertae sedis Asiatosaurus L. Cret. EAs. 
Epanterias Dystrophaeus U. Jur. NA. Microcoelus U. 
Cret. SA. Mongolosaurus L. Cret. EAs. 

dinosauria incertae sedis Segnosauridae Erlikosattrus Seg- 
nosaurus U. Cret. EAs. 

order ornithischia 

suborder ornithopoda Fabrosauridae Alocodon Trimu- 
crodon U. Jur. Eu. Echinodon L. Cret. Eu. Fabrosaurus 
[Lesothosaurus] L. Jur. SAf. Gongbusaurus U. Jur. EAs. 
Tawasaurus L. Jur. EAs. Technosaurus U. Trias. NA. 
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Heterodontosauridae Abrictosaurus Geranosaurus Hetero- 
dontosaurus Lanasaurus Lycorhinus L. Jur. SAf. Dian- 
chungosaurus L. Jur. EAs. fPisanosaurus U. Trias. SA. 
Dryosauridae Dryosaurus [ Dysalatosaurus } U. Jur. NA. EAf. 
fKangnasaurus ?Cret. SAf. Valdosaurus L. Cret. Eu. NAf. 
Hypsilophodontidae IPulgurotherium L. Cret. Aus. Hypsi- 
lophodon ?U. Jur. L. Cret. Eu. ?NA. Othnielia fNano- 
saurus U. Jur. NA. Parksosaurus U. Cret. NA. Phyllodon 
U. Jur. Eu. T enontosaurus L. Cret. NA. Thescelosaurus U. 
Cret. NA. Zephyrosaurus L. Cret. NA. Iguanodontidae 
f Anoplosaurus Craspedodon U. Cret. Eu. Callovosaurus U. 
Jur. Eu. Camptosaurus [Camptonotus Cumnoria] U. Jur. 
NA. Eu. L. Cret. NA. Iguanodon L. Cret. Eu. ?EAs. NA. 
NAf. Muttaburrasaurus L. Cret. Aus. Ouranosaurus L. 
Cret. NAf. Probactrosaurus L. Cret. EAs. Rhabdodon 
[Mochlodon Oligosaurus ] U. Cret. Eu. Vectisaurus L. Cret. 
Eu. Hadrosauridae Anatosaurus Brachylophosaurus Che- 
neosaurus Claosaurus Corythosaurus Edmontosaurus 
Hadrosaurus [Kritosaurus\ Lambeosaurus Lophorhothon 
Maiasaura Parasaurolophus Prosaurolophus Saurolophus U. 
Cret. NA. Aralosaurus U. Cret. SAs. Bactrosaurus Bars- 
boldia Gilmoreosaurus ]axartosaurus Mandschurosaurus 
Nipponosaurus Shantungosaurus Tanius Tsintaosaurus U. 
Cret. EAs. ?Notoceratops U. Cret. SA. Orthomerus [Tel- 
matosaurus Limnosaurus ] U. Cret. Eu. Secernosaurus U. 
Cret. SA. 

suborder pachycephalosauria Pachycephalosauridae 
Gravitholus Ornatotbolus Pachycephalosaurus Stegoceras 
Stygimoloch U. Cret. NA. Majungatholus U. Cret. Mad. 
Prenocephale Tylocephale U. Cret. EAs. Yaverlandia L. 
Cret. Eu. Homalocephalidae Goyocephale Homalocephale 
fMicropachycephalosaurus Wannanosaurus U. Cret. EAs. 

SUBORDER STEGOSAURIA ?Scelidosauridae i 'Lusitanosaurus 
Scelidosaurus L. Jur. Eu. ?Scutellosaurus L. Jur. NA. Ste- 
gosauridae Chialingosaurus Chungkingosaurus Tuojiango- 
saurus U. Jur. EAs. Craterosaurus L. Cret. Eu. Dacentru- 
rus [Omosaurus] M.-U. Jur. Eu. Dravidosaurus U. Cret. 
EAs. Huayangosaurus M. Jur. EAs. Kentrosaurus [Kentru- 
rosaurus Doryphorosaurus] U. Jur. EAf. Lexovisaurus U. 
Jur. Eu. Paranthodon L. Cret. SAf. Stegosaurus [Diraco- 
don Hypsirophus] U. Jur. NA. Wuerhosaurus L. Cret. EAs. 

suborder ankylosauria Nodosauridae Acanthopbolis U. 
Cret. Eu. Bracbypodosaurus U. Cret. SAs. ICryptodraco U. 
Jur. Eu. IDracopelta U. Jur. Eu. Hylaeosaurus [Polacan- 
thoides Polacartthus ] L. Cret. Eu. Nodosaurus [Hierosau- 
rus Stegopelta] Palaeoscinus Panoplosaurus [ Edtnontonia ] 
U. Cret. NA. ?Priodontognatbus ?U. Jur. Eu. Hoplitosau- 
rus Sauropelta Silvisaurus L. Cret. NA. Sarcolestes U. Jur. 
Eu. Strutbiosaurus [Crataeomus Danubiosaurus Leipsano- 
saurus Pleuropeltus Onychosaurus \ U. Cret. Eu. Ankylo- 
sauridae Amtosaurus Pinacosaurus [ Syrmosaurus ] Sai- 
chania Talarurus Tarchia U. Cret. EAs. Ankylosaurus Eu- 
oplocephalus [ Anodontosaurus Dyoplosaurus Scolosaurus ] 
U. Cret. NA. ?Heisbansaurus fSauroplites IStegosaurides U. 
Cret. EAs. 

suborder ceratopsia Psittacosauridae P sittacosaurus 
[Protiguanodon] L. Cret. EAs. Protoceratopsidae Bagacer- 
atops Microceratops Protoceratops U. Cret. EAs. Lepto- 
ceratops Montanoceratops U. Cret. NA. Ceratopsidae An- 


chiceratops Arrhinoceratops Centrosaurus Chasmosaurus 
Eoceratops Monoclonius [ Brachyceratops \ Pachyrhinosau- 
rus Pentaceratops Styracosaurus Torosaurus Pricer atops U. 
Cret. NA. 

ceratopsia incertae SEDis Stenopelix L. Cret. Eu. 

DIAPSIDA INCERTAE SEDIS 

order placodontia PHelveticosauridae Helveticosaurus M. 
Trias. Eu. Placodontidae Paraplacodus M. Trias. Eu. Placo- 
dus [ Anomosaurus Crurosaurus ] L.-M. Trias. Eu. M. Trias. 
SWAs. Cyamodontidae Cyamodus M. Trias. Eu. Placoche- 
lys [ Placochelyanus ] U. Trias. Eu. Psephoderma U. Trias. Eu. 
Psephosaurus ?M. Trias. PSWAs. U. Trias. Eu. Saurosphar- 
gis M. Trias. Eu. Henodontidae Henodus U. Trias. Eu. In- 
certae sedis Chelyoposuchus U. Trias. Eu. 

ORDER OR SUBCLASS ICHTHYOPTERYGIA 
(ICHTHYOSAUR1A) 

PHupehsuchidae Nancbangasaurus [Hupehsuchus] M. Trias. EAs. 
Utatsusauridae Vtatsusaurus L. Trias. EAs. Omphalosauridae 
Chaosaurus L. Trias. EAs. Omphalosaurus [Pessopteryx] M. 
Trias. Spits. Grippia L. Trias. Spits. Phalarodon M. Trias. NA. 
Mixosauridae Mixosaurus M. Trias. Eu. PEInd. Spits. SWAs. 
Shastasauridae Cymbospondylus M. Trias. NA. Delphinosaurus 
U. Trias. NA. Himalayosaurus U. Trias. EAs. Merriamia U. 
Trias. NA. fPessosaurus M. Trias. Spits. Shastasaurus U. Trias. 
NA. Shonisaurus U. Trias. NA. Toretocnemus [ Californosaurus ] 
U. Trias. NA. Ichthyosauridae Baptanodon U. Jur. NA. Ichth- 
yosaurus [Proteosaurus Eurypterygius ] L. Jur. Eu. Gr. Ophthal- 
mosaurus U. Jur. Eu. SA. Stenopterygiidae Stenopterygius L. 
Jur. Eu. Protoichthyosauridae Protoichthyosaurus L. Jur. Eu. 
Leptopterygiidae Eurhinosaurus L. Jur. Eu. Grendelius U. Jur. 
Eu. Leptopterygius L. Jur. Eu. Platypterygius [Myopterygius 
Myobradypterygius ] U. Cret. NA. U. Cret. EEu. L.-U. Cret. Aus. 
L. Cret. Eu. fNannopterygius U. Jur. Eu. Temnodontosaurus L. 
Jur. Eu. 

SUBCLASS SYNAPSIDA 

order pelycosauria Ophiacodontidae Archaeothyris M. 
Penn. NA. Baldwinonus L. Perm. NA. Clepsydrops [Ar- 
chaeobelus] U. Penn. NA. Ophiacodon [ Arribasaurus Tber- 
opleura Poliosaurus Winfieldia Therosaurus Diopeus] U. Penn. 
L. Perm. NA. IProtoclepsydrops L. Penn. NA. Stereop hallo- 
don L. Perm. NA. Stereorhachis U. Penn. Eu. Varanopsei- 
dae Aerosaurus ?Basicranodon Mycterosaurus [ Eumatthevia ] 
Varanodon Varanops L. Perm. NA. Eothyrididae Eothyris 
Oedaleops L. Perm. NA. Sphenacodontidae ?Batbygnathus 
Ctenospondylus Dimetrodon [Bathyglyptus Embolophorus 
Theropleura ] L. Perm. NA. Haptodus [ Callibracbion Cu- 
tleria Datbeosaurus Palaeobatteria Palaeosphenodon Pante- 
losaurus] U. Penn. L. Perm. NA. L. Perm. Eu. Macromer- 
ion U. Penn. Eu. Neosaurus L. Perm. Eu. Secodontosaurus 
Sphenacodon [ Oxyodon ] L. Perm. NA. Edaphosauridae 
Edapbosaurus [Brachycnemius Naosaurus ] U. Penn. L. Perm. 
NA. Eu. Ianthosaurus U. Penn. NA. Caseidae Angelosaurus 
U. Perm. NA. Casea L. Perm. NA. Eu. Caseopsis Cotylor- 
hynchus U. Perm. NA. Ennatosaurus U. Perm. EEu. ?Ca- 
seoides U. Perm. NA. ?Phreatophasma U. Perm. Eu. 
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Pelycosauria incertae sedis Golobomycter Delorhynchus L. 
Perm. NA. Echinerpeton M. Penn. NA. Elliotsmithia U. 
Perm. SAf. Glaucosaurus Lupeosaurus L. Perm. NA. Milo- 
saurus U. Penn. NA. Nitosaurus Scoliotnus Tetraceratops 
Thrausmosaurus Trichasaurus Varanosaurus L. Perm. NA. 
Xyrospondylus U. Penn. NA. 

ORDER THERAPSIDA 

suborder eotitanosuchia Biarmosuchidae Biarmosuchus 
[Biarmosaurus] U. Perm. EEu. Eotitanosuchidae Eotitano- 
suchus Ivantosaurus U. Perm. EEu. Phthinosuchidae 
Phthinosuchus Phthinosaurus U. Perm. EEu. Incertae sedis 
Gorgodon Knoxosaurus Steppesaurus Watongia U. Perm. 
NA. 

SUBORDER dinocephalia 

infraorder titanosuchia Brithopodidae Admetopho- 
neus Archaeosyodon Brithopus Chthomaloporus Dolio- 
sauriscus [ Doliosaurus ] Mnemeiosaurus Notosyodon 
Syodon Titanophoneus U. Penn. EEu. Eosyodon U. Perm. 
NA. Deuterosauridae Deuterosaurus U. Perm. EEU, Es- 
temmenosuchidae Anoplosuchus Estemmenosuchus Mol- 
ybdopygus Parabradysaurus Rhopalodon Zopherosuchus 
U. Perm. EEu. Anterosauridae Anteosaurus [ Broomosu - 
chus Dinosuchus Titanognatbus Pseudanteosaurus ] ME 
cranteosaurus Par anteosaurus U. Perm. SAf. Titanosuch- 
idac Jonkeria [ Dinophoneus J Titanosucbus [Scapanodon 
Parascapanodon] U. Perm. SAf. 

infraorder tapinocephalia Tapinocephalidae Mos- 
chops [Agnosaurus Moscbognathus Moscboides Pniga- 
lion Ulemosaurus] U. Perm. SAf. EEu. Avenantia Del- 
phinognathus Keratocephalus Mormosaurus Moschosaurus 
Phocosaurus Riebeeckosaurus Struthiocepbaloides Stru- 
thiocephalus Strutbionops Styracocephalus Tapinoce- 
pbalus Taurocephalus U. Perm. SAf. ?Incertae sedis Di- 
macrodon Driveria Mastersonia U. Perm. NA. 

suborder dicynodontia 

infraorder venjukoviamorpha Venjukoviidae Otsheria 
Venjukovia [Myctosuchus] U. Perm. EEu. 

infraorder dromasauria Galeopsidae Galechirus Gal- 
eops Galepus U. Perm. SAf. 

infraorder eodicynodontia Eodicynodontidae Eodicy- 
nodon U. Perm. SAf. 

infraorder endothiodontia Endothiodontidae Chely- 
odontops Endotbiodon [Esoterodon Emydocbampsa En- 
dogomphodon ] Pachytegos U. Perm. SAf. 

infraorder pristerodontia Aulacocephalodontidae Au- 
lacephalodon [Aulacocephalodon] tDigalodon Pelanom- 
odon U. Perm. SAf. Dicynodontidae Dicynodon [Dinan- 
omodon Daptocephalus] U. Perm. SAf. EAf. EEu. ?SEAs. 
EAs. Geikia Gordonia U. Perm. Eu. Kannemeyeriidae 
Angonisaurus M. Trias. EAf. Barysoma Cbanaria Dino- 
dontosaurus Dohcburamis [Rhopalorhinus] M. Trias. 
SWAf. : E.lephantosaurus M. Trias. EEu. Ischigualastia U. 
Trias. SA. Kannemeyeria Rechnisaurus [Proplacerias] L. 
Trias. SAf. M. Trias. EAf. SAs. SA. Paraketmemeyeria 
Sinokannemeyeria L. Trias. EAs. Placerias U. Trias. NA. 


Rhinocerocephalus fRhadiodromus Rbinodicynodon M. 
Trias. EEu. Sangusaurus Zambiasaurus M. Trias. EAf. 
Shansiodon L. Trias. EAs. Stahleckeria M.-U. Trias. SA. 
Tetragonias M. Trias. EAf. Uralokannemeyeria Rabido- 
saurus M. Trias. EEu. Vinceria Jacheleria L. Trias. SA. 
Wadiasaurus M. Trias. SAs. Lystrosauridae Lystrosau- 
rus [ Prolystrosaurus ] L. Trias. SAf. SAs. EEu. EAs. 
PSEAs. Ant. Oudenodontidae Cteniosaurus Oudenodon 
Rhachiocephalus [Eocyclops Kitchingia Megacyclops 
Neomegacyclops Odontocyclops Pelorocyclops Platycy- 
clops] Tropidostoma U. Perm. SAf. Pristerodontidae 
Emyduranus Eurychororbinus Pristerodon Storthyggna- 
thus Synostocepbalus U. Perm. SAf. 

infraorder diict odontia Emydopidae Emydops [Emy- 
dopsoides ] Myosauroides Palemydops U. Perm. SAf. 
Myosaurus L. Trias. SAf. Ant. Cistecephalidae Cistece- 
pbaloides Cistecephalus [Kistecepbalus] U. Perm. SAf. 
Kawingasaurus U. Perm. EAf. Robertiidae R obertia U. 
Perm. SAf. Diictodontidae fAnomodon U. Perm. SAf. 
Diictodon U. Perm. SAf. EAs. 

infraorder kingoriamorpha Kingoriidae Kingoria 
[ ?Dicynodontoides ] U. Perm. EAf. SAf. Kombusia L. 
Trias. SAf. 

dicynodontia incertae sedis Brachyprosopus Brachyu- 
raniscus Broilius Cerataelurus Compsodon Cryptocynodon 
Emydorhinus Eosimops Eumantellia Haughtoniana Heu- 
neus Koupia Neu’tonella Parringtoniella Prodicynodon 
Taognathus U. Perm. SAf. 

suborder gorgonopsia PIctidorhinidae Ictidorbinus Ly- 
caenodon Lemurosaurus Rubidgina U. Perm. SAf. PHip- 
posauridae Hipposaurus fPseudhipposaurus U. Perm. SAf. 
PBurnetiidae Burnetia U. Perm. SAf. Proburnetia U. Perm. 
EEu. Gorgonopsidae Aelurognathus [Dixeya] Aelurosaurus 
[Aelurosauroides Aelurosauropsis] Aloposaurus [ Aloposau - 
roides] Arctognathus [Lycosaurus Lycaenodontoides Arc- 
tognathoides] Arctops [fPardocephalus Smilesaurus ] 
Broomicephalus Broomisaurus Cephalicustroidus Cerdor- 
binus [?Galerhynchus] Clelandina [Dracocephalus] Cyano- 
saurus [ Cyniscopoides ] Dinogorgon Eoarctops Galesucbus 
Gorgonops [Pacbyrhinos Gorgonognathus Leptotrachelus 
Chiwetasaurus ] Leontocephalus Lycaenops [Tigrtcephalus 
?Tangagorgon] Paragalerhinus Prorubidgea Rubidgea Scy- 
lacognatbus Scylacops Sycosaurus U. Perm. SAf. Inostran- 
cevia Pravoslavleria Sauroctonus U. Perm. EEu. 

suborder therocephalia Crapartinellidae Crapartinella U. 
Perm. SAf. Pristerognathidae Pristerognathus U. Perm. SAf. 
Hofmeyriidae Hofmeyria Ictidostoma [ Ictidognatbus ] U. 
Perm. SAf. Lycideopsidae Lycideops U. Perm. SAf. Icti- 
dosuchidae Ictidosuchus Ictidosuchoides Ictidosucbops U. 
Perm. SAf. Silphoictidoides U. Perm. EAf. Regisaurus L. 
Trias. SAf. ?Nanictops U. Perm. SAf. Whaitsiidae Mos- 
cbowbaitsia U. Perm. EEu. Theriognathus [Alopecopsis 
Aneugomphius Hyenosaurus Notaelurops Notosollasia 
Whaitsia ] U. Perm. SAf. EAf. Moschorhinidae Annather- 
apsidus [Anna\ Cbthonosaurus U. Perm. EEu. Akidnogna- 
tbus Euchambersia U. Perm. SAf. Moschorhinus [-Tigisu- 
chus Cerdops Hewittia ] U. Perm. L. Trias. SAf. 
Promoschorhynchus U. Perm. SAf. Ericiolacertidae Ericio- 
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lacerta L. Trias. SAL Scaloposauridae Nanicticephalus 
Scaloposaurus U. Perm. SAf. Tetracynodon [ ?Homodotito - 
saurus ] U. Perm. L. Trias. SAf. Scalopolacerta ?Zorillo- 
dontops L. Trias. SAf. Simorhinellidae Simorhinella U. 
Perm. SAf. Bauridae Bauria \Baurioides Melinodon Mi- 
crogomphodon Sesamodon Watsoniella] L. Trias. SAf. 

SUBORDER CYNODONTIA 

infraorder PROCYONSUCHIA Procynosuchidae Parathri- 
naxodon U. Perm. EAf. Procynosuchus [ Galecranium 
Galeophrys Leavachia Mygalesaurus Nanictosuchus Pro- 
tocynodon ] U. Perm. SAf. Dviniidae Dvinia [Permocy- 
nodon\ U. Perm. EEu. Galesauridae Cromptodon L. 
Trias. SA. Galesaurus Cyanosaurus [Cynosuchus\ U. 
Perm. SAf. Tbrinaxodon [?Nythosaurus Notictosaurus] 
L. Trias. SAf. Ant. tNatiocynodon U. Perm. EEu. Platy- 
craniellus [Platycranion] Tribolodon L. Trias. SAf. 

INFRAORDER EUCYNODONTIA 

superfamily cynognathoidea Cynognathidae Cynogna- 
thus l Cynidiognathus Lycaenognathus Lycocbampsa 
?Karoomys] L. Trias. SAf. SA. 

superfamily tritylodontoidea Diademodontidae Dia- 
demodoti [ Cragievanus fCynochampsa Gomphognatbus 
Protacmon Sysphinctostoma] L. Trias. SAf. tOrdosio- 
don L. Trias. EAs. Titanogomphodon M. Trias. SWAf. 
Trirachodontidae Cricodon M. Trias. EAf. ?Sinognatbus 
L. Trias. EAs. Triracbodon [ Triachodontoides ] L. Trias. 
SAf. Traversodontidae Andescynodon Pascualgnatbus 
Rusconiodon L. Trias. SA. Colbertosaurus M. Trias. SA. 
Exaeretodon [Proexaeretodon Tberopsis] M.-U. Trias. SA. 
U. Triassic. SAs. Iscbignathus U. Trias. SA. Luangwa M. 
Trias. SAf. Massetognathus \Megagomphodon\ M. Trias. 
SA. Scalenodon M. Trias. EAf. Scalenodotttoides U. Trias. 
SAf. Traversodon Gompbodontosucbus M.-U. Trias. SA. 
Tritylodontidae Bienotherium L. Jur. EAs. Bienotber- 
oides M. Jur. EAs. Bocatberium PM. Jur. CA. Dinnebi- 
todon L. Jur. NA. Kayentatherium [Nearctylodon] L. Jur. 
NA. Lufengia L. Jur. EAs. Oligokypbus [?Cbalepotber- 
ium Mucrotherium Uniserium ] L. Jur. Eu. NA. Stereog- 
natbus M. Jur. Eu. Tritylodon [fTriglypbus Likboelia 
Tritylodontoideus] L. Jur. SAf. ?Eu. Yunnanodon L. Jur. 
EAs. 

superfamily chiniquodontoidea Chiniquodontidae 
?Aleodon M. Trias. EAf. Belesodon Cbiniquodon M.-U. 
Trias. SA. fDromatherium fMicroconodott U. Trias. NA. 
Probainognatbus Probelesodon M. Trias. SA. fPseudo- 
triconodon U. Trias. Eu. fTherioherpeton M. Trias. SA. 
Tritheledontidae Cbalimia U. Trias. SA. Diartbrogna- 
tbus Tritbeledon L. Jur. SAf. Pachygenelus L. Jur. SAf. 
NA. Incertae sedis Tricuspes L. Jur. Eu. Eoraetia U. 
Trias. Eu. Kunminia L. Jur. EAs. 


AVES 

This list of the genera of fossil birds is taken primarily from S. 
L. Olson (1985) and emphasises first occurrences. This listing 
is by no means complete. Many more genera are cited by Brod- 
korb (1978, and references cited therein), but the taxonomic 
position of many of these genera is now subject to question. 


CLASS AVES 

SUBCLASS ARCHAEORNITHES 

order archaeopterygiformes Archaeopterygidae Ar- 
chaeopteryx [ Arcbaeornis Griphosaurus Grypbornis Juravis ] 
U. Jur. Eu. 

SUBCLASS NEORNITHES 
Ambiortidae Ambiortus L. Cret. EAs. 

Superorder odontognathae 

order hesperorni i hiformes Enaliornithidae Enaliornis L. 
Cret. Eu. Baptornithidae Baptornis U. Cret. NA. Neogaeor- 
nis U. Cret. SA. Hesperornithidae Hesperorrtis Parahespe- 
rorrtis t'Coniorttis U. Cret. NA. PSA. 

order ichthyornithiformes Ichthyornithidae lebtbyornis 
[Plegadornis] U. Cret. NA. 

Superorder incf.rtae sedis 

order gobipterygiformes Gobipterygidae Gobipteryx U. 
Cret. EAs. 

order enantiornithiformes Enantiornithidae tAlexomis U. 
Cret. NA. Enantiornis U. Cret. SA. PZhyraornithidae Zby- 
raornis U. Cret. As. 

Superorder palaeognathaf. 

order unnamed Lithornidae Litbornis Paracatbartes Pa- 
leoc. Eoc. NA. Eu. Promusopbaga L. Eoc. Eu. 

order TINAM1FORMES Tinamidae Eudromia [ Roveretornis 
Tinamisornis ] Notboprocta [ Cayetornis ] Nothura Queran- 
diornis U. Plioc. R. SA. Crypturellus Notboprocta Tinamus 
Pleist. R. SA. 

order STRUTHION1FORMES Struthionidae Palaeotis M. Eoc. Eu. 
Struthio [Megaloscelornis Pacbystruthio Palaeostruthio Stru- 
thiolithus] U. Mioc. Plioc. Pleist. EEu. As. NAf. R. WAs. 
NAf. Plioc. Pleist. R. SAf. 

order rheiformes Opisthodactylidae Diogenornis U. Pa- 
leoc. SA. Opistbodactylus L. Mioc. SA. Rheidae Heterorhea 
U. Plioc. SA. 

order casuariiformes Casuariidae Casuarius Plioc. New 
Guinea R. Aus. Dromaiidae Dromaius [ Dromiceius ] Mioc. 
Plioc. R. Aus. Dromomithidae R. Aus. 

order aepyornithiformes Aepyornithidae Aepyornis Pleist. 
R. Mad. 

order dinornithiformes Dinomithidae Anomalpterys Di- 
nornis Emeus Euryapteryx Megalapteryx Pacbyornis Pleist. 
R. NZ. 

order apterygiformes Apterygidae Apteryx Pleist. R. NZ. 

SUPERORDER NEOGNATHAE 

order cuculiformes Opisthocomidae Hoazinoides U. Mioc. 
SA. Musophagidae Crinifer Olig. NAf. R. Af. Musophaga 
[Apopempsis] U. Mioc. Eu. L. Mioc. EAf. Cuculidae Cur- 
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soricoccyx L. Mioc. NA. Dynamopteryx Eoc. Olig. Eu. 
Neococcyx L. Olig. NA. 

order falconiformes Falconidae Badrostes L. Mioc. SA. 
Falco L. Mioc. NA. U. Pleist. Aus. R. Cos. Polyborus Pleist. 
R. SA. R. NA. Sagittariidae Pelargopappus M.-U. Olig. L. 
Mioc. Eu. Accipitridae Aquilavus U. Eoc. L. Olig. L. Mioc. 
Eu. Buteo M.-U. Olig. R. Cos. Palaeohierax L. Mioc. Eu. 
Neophrontops M. Mioc. NA. Pandionidae Pandion M.-U. 
Mioc. Plioc. NA. R. Cos. 

order galuformes Cracidae Boreortalis L. Mioc. NA. 
Gallinuloides L. Eoc. NA. Procrax L. Olig. NA. Megapodi- 
idae Progura [Palaeopelargus] U. Eoc. Eu. Quat. Aus. ; 'Syl- 
viornis Quat. Elnd. Numididae Telecrex U. Eoc. EAs. Phas- 
ianidae Meleagris [Agriocharis Parapavo] U. Mioc. U. Plioc. 
Pleist. R. NA. Miopbasianus M. Mioc. Eu. Miortyx M. Olig. 
L. Mioc. NA. Palaeocryptonyx L.-U. Mioc. Eu. Palaeortyx 
U. Olig. L.-U. Mioc. Eu. Rhegminornis L. Mioc. NA. 
?Turnicidae Turnix L. Plioc. R. SAf. 

order columbiformes Pteroclidae R. Eu. As. Af. Pterocles 
U. Eoc. L. Mioc. R. Eu. R. As. Syrrhaptes M. Plioc. EAs. 
Pleist. R. As. Columbidae Columba U. Mioc. R. Eu. R. Cos. 
Pezophaps Pleist. Rodriguez Raphus [ Didus } R. Maurit, 

order psittaciformes Psittacidae Conuropsis L. Mioc. R. 
NA. Palaeopsittacus L. Eoc. Eu. Psittacus [ Archaeopsitta - 
cus ] L.-M. Mioc. Eu. R. Af. 

order incertae SEDis Zygodactylidae Zygodactylus L. Mioc. 
Eu. 

order coliiformes Coliidae U. Eoc. Eu. R. Af. Colius 
[Necrornis] L.-U. Mioc. Eu. R. Af. Limnatornis L. Mioc. Eu. 

ORDER CORACIIFORMES (INCLUDING TROGONIFORMF.S AND GAL- 
BULAE) 

suborder incertae sedis PHalcyornithidae Halcyornis L. 
Eoc. Eu. 

suborder coracii Atelornithidae Leptosomidae R. Mad. 
Galbulidae Bucconidae R. SA. Coraciidae Geranopterus U. 
Eoc. Olig. Eu. Eurystomus ?L. Eoc. R. NA. Primobuc- 
conidae Primobucco Neanis L. Eoc. NA. Uintornis Bo- 
tauroides Eobucco M. Eoc. NA. 

suborder halcyones (ALCF.DINI) Alcedinidae Eoc. Olig. R. 
Eu. R. Cos. Meropidae Eoc. NA. Eoc.-R. Eu. Todidae R. 
Wind. Palaeotodus M. Olig. NA. Momotidae R. Wind. 
Protornis L. Olig. Eu. Trogonidae L. Olig. R. As. Af. NA. 
Wind. SA. Paratrogon L. Mioc. Eu. Trogon Pleist. R. SA. 
R. NA. Archaeotrogonidae Archaeotrogon U. Eoc. U. Olig. 
Eu. 

order strigiformes Ogygoptyngidae Ogygoptynx U. Pa- 
leoc. NA. Protostrigidae Minerva [ Aquila Protostrix] M.-U. 
Eoc. NA. Eostrix L.-M. Eoc. NA. ?Eu. Strigidae R. Cos. 
Strix L. Mioc. Eu. ?NA. Ornimegalonyx Pleist. Cuba Otus 

L. Mioc. Eu. Tytonidae R. Cos. Prosybrts L. Mioc. Eu. Tyto 

M. -L. Mioc. Plioc. L. Pleist. Eu. Quat. Wind. 

order caprimulgiformes Aegothelidae Eoc. Olig. Eu. R, 
Aus. SPac. Quipollornis L.-M. Mioc. Aus. Megaegotheles 
Pleist. Sub-Recent NZ. Podargidae U. Eoc. Eu. R. SAs. Aus. 
Steatornithidae L. Eoc. NA. ?U. Olig. Eu. R. SA. Capri- 
mulgidae Eoc. Olig. Eu. R. Cos. 


order apodiformes 

suborder apodi Aegialornithidae Aegialornis U. Eoc. Eu. 
Cypselavus U. Eoc. Olig. Eu. Primapus [ Procuculus ] L. Eoc. 
Eu. ?L. Eoc. NA. Apodidae Apus M.-U. Mioc. Eu. R. Cos. 
Cypseloides L. Mioc. Eu. R. SA. 

suborder trochiu Trochilidae R. NA. Wind. SA. 

order bucerotiformes Bucerotidae R. As. Af. SPac. Bu- 
corvus M. Mioc. NA. R. Af. Upupidae Eoc. Olig. Eu. R. Eu. 
As. Af. Mad. Upupa Quat. SAtl. Phoeniculidae L.-U. Mioc. 
Eu. R. Af. 

order piciformes Indicatoridae L. Plioc. SA. R. As. Af. 
Capitonidae L. Mioc. NA. Eu. R. As. Af. CA. SA. Capi- 
tonides L.-M. Mioc. Eu. Picidae M. Mioc. NA. R. Eu. As. 
Af. NA. SA. Catnpephilus U. Plioc. R. NA. R. SA. CA. 
Pliopicus L. Plioc. NA. 

order Passeriformes PPalaeoscinidae Palaeoscinis M.-U. 
Mioc. NA. Alaudidae L. Mioc. Eu. R. Cos. Corvidae Cor- 
pus M. Mioc. Eu. R. Cos. Miocitta U. Mioc. NA. Sittidae 
Sitta M.-U. Mioc. Eu. R. Cos. (except SA.) Fringillidae 
Ammodramus U. Mioc. R. NA. R. Eu. As. Af. Wind. SA. 
Passerina L. Plioc. R. NA. R, CA. SA. Eurylaimidae L. Mioc. 
R. Af. As. A more complete record of late Cenozoic pas- 
serines can be found in Brodkorb (1978). 

order gruiformes 

suborder cariamae Cariamidae L. Olig. R. SA. Cbunga 
U. Plioc. SA. ?Rtacama L. Olig. SA. PCunampaiidae Cun- 
ampaia U. Eoc. SA. Phorusrhacidae Ameginornis Eoc.-Olig. 
Eu. Andalgalornis L.-M. Plioc. SA. Andrewsornis L. Olig. 
SA. Devincenzia ?U. Mioc. SA. Onactornis L.-PM. Plioc. 
SA. Phororbacos L.-M. Mioc. SA. Pbysornis L. Olig. SA. 
Psilopterus L. Plioc. SA. Titanis U. Plioc. NA. Titanornis 
Pleist. NA. Tomodus [ ?Palaeocicomia ] M. Mioc. SA. 
Bathomithidae Bathomis [ Neocathartes ] U. Eoc. L.-U. Olig. 
L. Mioc. NA. fEutreptornis U. Eoc. NA. Paracra Olig. 
NA. Idiornithidae Elaphrocnemus [Filholomis] U. Eoc. L. 
Olig. Eu. ?Gypsornis U. Eoc. Eu. Idiornis U. Eoc. L. Olig. 
Eu. Oblitavis U. Eoc. L. Olig. Eu. Occitaniavis U. Eoc. L. 
Olig. Eu. Propelargus L. Olig. Eu. 

suborder grues Geranoididae Eogeranoides ?Geranodor- 
nis Geranoides Palaeophasianus Paragrus M. Eoc. NA. 
Eogruidae Eogrus U. Eoc. ?U. Mioc. CAs. Sonogrus L. 
Olig. CAs. Ergilornithidae Amphipelargus U. Mioc. M. 
Plioc. Eu. As. Ergilornis [ Proergilornis ] L. Olig. EAs. 
Eleutheromithidae Eleutherornis M. Eoc. Eu. Gruidae NA. 
CA. Ind. As. Aus. Af. Aramornis [ Probalearica ] L. Mioc. 
NA. ?U. Mioc. EEu. Geranopsis U. Eoc. Eu. Grus Mioc. 
L. Plioc. Eu. U. Mioc. SAs. L. Plioc. NA. R. Cos. (except 
SA.) Palaeogrus L. Mioc. Eu. Pliogrus L. Plioc. Eu. EEu. 
Aramidae R. NA. SA. CA. Badistornis M. Olig. NA. 
Psophiidae R. SA. Heliornithidae R. CA. SA. Rhynocheti- 
dae R. SPac. Eurypygidae R. SA. CA. Mesitornithidae R. 
Mad. 

SUBORDER RALLI 

Rallidae Apbanapteryx Quat. Ind. Oc. Capelirallus Quat. 
NZ. Cotumicops U. Plioc. NA. ?Creccoides L. Pleist. NA. 
Diaphorapteryx Quat. NZ. Eocrex L. Eoc. NA. Euryono- 
tus U. Pleist. SA. Fulica L. Plioc. M.-U. Pleist. R. NA. R. 
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As. Eu. SA. CA. M. Pleist. WAs. Fulicaletornis M. Eoc. 
NA. Gallinula U. Plioc. U. Pleist. R. NA. M. Pleist. WAs. 
R. Eu. As. Af. NA. SA. Ibidopsis U. Eoc. Eu. Laterallus 
U, Plioc. NA. fLudiortyx U. Eoc. Eu. Miofulica M. Mioc. 
Eu. Miorallus U. Mioc. Eu. Nesotrochis Quat. Wind. Pa- 
laeogratnides U. Olig. or L. Mioc. U. Mioc. Eu. U. Mioc. 
EEu. Paleorallus L. Eoc. NA. Pararallus U. Mioc. Eu. 
Paraortygometra U. Olig. or L. Mioc. ?U. Mioc. Eu. Par- 
dirallus U. Plioc. R. NA. Quereyrallus U. Eoc. or L. Olig. 
Eu. Rallicrex U. Olig. or L. Mioc. EEu. Rallus L. Plioc. 
Eu. M.-U. Plioc. NA. R. Cos. Youngornis M. Mioc. EAs. 
Apterornithidae Apterornis [Aptornis] Quat. NZ. 

suborder incertae SF.DIS Ardeidae Ardea M. Mioc. -Plioc. 
NA. U. Plioc. NAf. R. Cos. Ardeagrandis U. Mioc. EEu. 
Botaurus U. Plioc. R. NA. R. Cos. Butorides Pleist. R. NA. 
Gnotornis U. Olig. NA. ?Nyctanassa M. Plioc. CAs. Nyc- 
ticorax Plioc. R. NA. R. Cos. Proardea [Proardeola] Eoc. 
Olig. Mioc. Eu. Zeltornis L. Mioc. NAf. 

order podicipediformes Podicipedidae Podiceps L. Mioc. L. 
Plioc. NA. R. Cos. 

order diatrymiformes Diatrymatidae (Gastornithidae) Dia- 
tryma U. Paleoc. M. Eoc. NA. Eu. Gastornis Remiornis U. 
Paleoc. Eu. Omorhamphus U. Paleoc. Eu. Zhonguanus L. 
Eoc. EAs. 

order charadriiformes Burhinidae Burhinus L. Mioc. Pleist. 
NA. Pleist R. CA. R. Eu. As. Af. Aus. SA. Wind. Platalei- 
dae Apteribis Quat. SPac. E udocimus Plioc. NA. Milnea 
Mioc. Eu. Plegadis L. Mioc. Eu. U. Plioc. R. NA. R. As. Af. 
SA. CA. As. Aus. Rbynchaeites M. Eoc. Eu. Xencibis Quat. 
Wind. Chionididae R. Ant. Graculavidae Graculavus Tel- 
matornis Laornis U. Cret. NA. Cimolopterygidae Palintro- 
pus U. Cret. NA. Dakotornithidae Dakotornis Paleoc. NA. 
Rostratulidae R. SA. Af. SAs. Dromadidae R. Ind. Oc. Af. 
Thinocoridae R. SA. Pedionomidae R. SA. Jacanidae Jacana 
Olig. NAf. R. Af. Aus. Ind. As. NA. SA. CA. Scolopacidae 
R. Cos. Paractitis L. Olig. NA. Totanus U. Eoc. L. Olig. Eu. 
Charadriidae R. Cos. Haematopodidae Hacmatopus [Palos- 
tralegus] L.-M. Plioc. R. NA. Recurvirostridae Recumirostra 
U. Eoc. L. Olig. Eu. M. Mioc. NA. R. Cos. Phoenicopteri- 
dae juncitarsus M. Eoc. NA. Megapaloelodus L. Mioc. Eu. 
L.-M. Mioc. L. Plioc. NA. Palaelodus U. Olig. L. Mioc. Eu. 
Phoeniconotius Mioc. Aus. Phoenicopterus [ Leakeyornis 
Phoeniconaias Phoenicoparrus } U. Olig. L. Mioc. R. Eu. L. 
Mioc. R. EAf. R. NA. SA. As. Glareolidae R. As. Af. Ind. 
SEAs. Aus. Mad. Glareola M. Mioc. R. Eu. Mioglareola M. 
Mioc. Eu. Paractiornis L. Mioc. NA. Otididae R. Af. SEAs. 
Ind. Otis M. or U. Mioc. R. Eu. Gryzaja L. Plioc. EEu. 
Stercorariidae R. Circumpolar Stercorarius M. Mioc. Pleist. 
NA. ?L. Mioc. Eu. Laridae R. Cos. Larus L.-U. Mioc. Eu. 
Plioc. NA. U. Mioc. EEu. R. Cos. Gaviota U. Mioc. NA. 
Alcidae R. NA. Eu. SEAs. CA. Aethia U. Mioc. U. Plioc. R. 
NA. R. Eu. Alca L. Plioc. R. NA. R. Eu. Alcodes U. Mioc. 
NA. Alle L. Plioc. R. NA. R. Eu. Australca U. Mioc. L. 
Plioc. NA. Brachyramphus U. Mioc. U. Plioc. R. NA. R. Eu. 
Cepphus U. Mioc. Pleist. R. NA. R. Eu. Cerorhinca U. Mioc. 
U. Plioc. R. NA. R. CA. SEAs. iEndomychura U. Mioc. U. 
Plioc. NA. Fratercula L. Plioc. R. NA. R. Eu. Mancalla Plioc. 
NA. Miocepphus M. Mioc. NA. Pinguinus L. Plioc. R. NA. 
R. Eu. Praemancalla U. Mioc. NA. Ptychoramphus U. Mioc. 
U. Plioc. R. NA. 


order anseriformes Presbyornithidae Presbyornis [Nauti- 
lorttis Telmabates ] Paleoc. NA. EAs. L. Eoc. NA. SA. U. 
Cret. NA. fTelmatornis U. Cret. NA. Anatidae R. Cos. 
Cygnopterus L. Olig. Eu. Dendrochen L. Mioc. Eu. Mergus 
M. Mioc. R. NA. R. As. Eu. CA. Ind. SEAs. Aus. Parany- 
roca L. Mioc. NA. Romainvillia L. Olig. Eu. Sinanas M. 
Mioc. EAs. Tadorna M. Mioc. R. Eu. R. NA. As. Af. Ind. 
Aus. Anhimidae R. SA. 

order ciconiiformes Ciconiidae iCicontopsts L. Olig. SA. 
Grallavis L, Mioc. Eu. Palaeoepbippiorhynchus L. Olig. NAf. 
Scopidae Scopus L. Plioc. SAf. R. Af. Balaenicipitidae R. Af. 
Goliathia U. Eoc. L. Olig. NAf. Paludavis U. Mioc. SAs. 
NAf. Teratornithidae Argentavis U. Mioc. SA. Cathartornis 
U. Pleist. NA. Teratornis L.-U. Pleist. NA. Vulturidae R. NA. 
SA. Breagyps Pleist. NA. Diatopornis U. Eoc. L. Olig. Eu. 
Plesiocatbartes U. Eoc. L. Olig. ?L. Mioc. Eu. Pliogyps Plioc. 
NA. Sarcoramphus Plioc. NA. Vultur Pleist. SA. R. SA. NA. 

ORDER PELECAN1FORMES 

suborder phaethontes Prophaethontidae Prophaethon L. 
Eoc. Eu. Phaethontidae R. Tropics Atl. Pac. Ind. Oc. 

suborder odontopterygia Pelagornithidae Caspiodontor- 
nis M. Olig. SWAs. Cypbornis [ Osteodontornis ] L. Mioc. 
NA. iDasornis L. Eoc. Eu. Gigantornis M. Eoc. WAf. 
Odontopteryx L. Eoc. Eu. Osteodontornis U. Mioc. NA. 
Palaeochenoides U. Olig. NA. Pelagornis M. Mioc. Eu. 
?NA. Pseudodontornis U. Olig. NA. ?L. Mioc. ?U. Plioc. 
NZ. fTympanoneisiotes U. Olig. NA. 

suborder fregataf. Fregatidae R. Oc. Limnofregata L. 
Eoc. NA. 

suborder pelecani Pelecanidae R. Cos. (except SA.) 
Pelecanus Mioc. R. Aus. L. Mioc. L. Plioc. R. Eu. L. Plioc. 
SAs. WAs. L.-U. Plioc. R. NA. R. SA. Wind. fProtopeli- 
canus U. Eoc. Eu. 

suborder sulae Sulidae Microsula U. Olig. M. Mioc. NA. 
M. Mioc. Eu. Miosula Mioc. Plioc. NA. Morus Mioc. U. 
Pleist. R. NA. Palaeosula Mioc. Plioc. NA. Sarmatosula U. 
Mioc. EEu. Sula L.-U. Olig. Eu. Mioc. Plioc. NA. R. Cos, 
Plotopteridae Plotopterum L. Mioc. NA. U. Olig, L. Mioc. 
EAs. Tonsala U. Olig. NA. Anhingidae Anhinga U. Mioc. 
EEu. NAf. SAs. NA. U. Plioc. L. Pleist. EAf. ?U. Pleist. 
Aus. R. NA. Af. SA. Mad. EAs. Aus. Protoplotus U. Eoc. 
SAs. Phalacrocoracidae R. Cos. Pbalacrocorax L. Mioc. 
Plioc. Eu. WAs. NA. Pleist. NA. U. Mioc. EEu. M. Plioc. 
CAs. L. Plioc. SAf. R. Cos. Pliocarbo L. Plioc. WAs. 
fValenticarbo U. Plioc. L. Pleist. SAs. 

order procellariiformes Diomedeidae Dtotnedea M. Mioc. 
Plioc. NA. U. Mioc. Aus. U. Mioc. SA. U. Plioc. L. Pleist. 
Eu. R. Trop. Oc. Plotomis M. Mioc. Eu. U. Olig. M. Mioc. 
NA. Procellariidae ? Argyrodyptes L. Mioc. SA. Calonectris 
L. Plioc. SAf. Fulmarus M.-U. Mioc. NA. R. Oc. Pachyp- 
tila L. Plioc. SAf. Procellaria L. Plioc. SAf. R. Southern Oc. 
Pterodroma L. Mioc. Eu. R. Oc. Puffitius ?L. Olig. Eu. L. 
Mioc. Plioc. Eu. NA. M. Mioc. L. Plioc. SAf. R. Oc. Pele- 
canoididae Pelecanoides L. Plioc. SAf. R. Southern Oc. 
Oceanitidae (Hydrobatidae) Oceanodroma U. Mioc. NA. R. 
Oc. Oceanites L. Plioc. SAf. R. Oc. 
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order GAV1IFORMES Gaviidae Colymboides U. Eoc. L. Mioc. 
Eu. Gavia [ Colymbus ] L. Mioc. EEu. M.-U. Mioc. Plioc. 
Pleist. R. NA. R. Eu. CA. Ind. SEAs. 

order sphenisciformes Spheniscidae Anthropodyptes U. Eoc. 
L.-U. Olig. M. Mioc. Aus. Anthropornis U. Eoc. L. Olig. 
Ant. Aptenodytes U. Plioc. NZ. R. Ant. Archaeosphettiscus 
U. Eoc. L. Olig. NZ. Ant. Arthrodytes U. Olig. L. Mioc. SA. 
Chubutodyptes U. Olig. L. Mioc. SA. Dege U. Mioc. or L. 
Plioc. SAf. Delphinornis U. Eoc. L. Olig. Ant. Duntroonor- 
nis U. Eoc. L. Olig. NZ. Eudyptes U. Plioc. R. NZ. R. Aus. 
Eudyptula U. Plioc. R. NZ. R. Aus. Insuza U. Mioc. or L. 
Plioc. SAf. Korora U. Olig. NZ. Marplesomis U. Plioc. NZ. 
Megadyptes Pleis. R. NZ. R. Ant. Nucleornis ?Mioc. SAf. 
Pachydyptes U. Eoc. L. Olig. NZ. Palaeondyptes U. Eoc. L.- 
U. Olig. Aus. NZ. Ant. Palaeospbeniscus U. Olig. L. Mioc. 
SA. Paraptenodytes U. Olig. L. Mioc. SA. Platydyptes U. 
Eoc. L.-U. Olig. L. Mioc. NZ. Pseudaptenodytes U. Mioc. 
Aus. Pygoscelis U. Plioc. NZ. R. Ant. Spbeniscus U. Plioc. 
R. Af. R. SA. Wimanortiis U. Eoc. L. Olig. Ant. 

CLASS MAMMALIA 

SUBCLASS PROTOTHER1A 

order monotremata Ornithorhynchidae R. Aus. Obduro- 
dort M. Mioc. Aus. Ornithorhynchus [ Platypus } Plioc. R. 
Aus. Steropodon L. Cret. Aus. Tachyglossidae R. Aus. New 
Guinea Tachyglossus [Echidna] Zaglossus Pleist. R. Aus. 

order triconodonta Sinoconodontidae Sinoconodon L. Jur. 
EAs. Morganucodontidae Brachyzostrodon U. Trias. Eu. 
Erythrotherium L. Jur. SAf. Klamelia M. or U. Jur. EAs. 
Megazostrodon L. Jur. SAf. Morganucodon ?U. Trias. L. Jur. 
Eu. L. Jur. EAs. Amphilestidae Amphilestes M. Jur. Eu. 
Aploconodon U. Jur. NA. iGobiconodon L. Cret. EAs. NA. 
Phascolodon U. Jur. NA. Phascolotherium M. Jur. Eu. Tri- 
conodontidae Alticonodon U. Cret. NA. Astroconodon L. 
Cret. NA. Priacodon U. Jur. NA. Triconodon U. Jur. Eu. 
Trioracodon U. Jur. Eu. NA. lncertae sedis Dinnethenum L. 
Jur. NA. Hallautherium Helvetiodon ?U. Trias. Eu. 

order docodonta Docodontidae Borealestes M. Jur. Eu. 
Docodon [Dicrocynodon Diplocynodon Ennacodon ] U. Jur. 
NA. Haldanodon Peraiocynodon U. Jur. Eu. 

SUBCLASS ALLOTHER1A 

ORDER MULTITUBER CULATA 

suborder plagiaulacoidea Arginbaataridae Arginbaatar L. 
Cret. EAs. Paulchoffatiidae Bolodon U. Jur. L. Cret. Eu. 
Guimarotodon U. Jur. Eu. Henkelodon U. Jur. Eu. Kueh- 
neodon U. Jur. L. Cret. Eu. ?Parendotherium L. Cret. Eu. 
Paulchoffatia U. Jur. L. Cret. Eu. Plioprioti U. Jur. Eu. 
Pseudobolodon U. Jur. Eu. Plagiaulacidae Ctenacodon 
[Allodon] U. Jur. Eu. NA. Loxaulax L. Cret. Eu. Pla- 
giaulax Bolodon] U. Jur. L. Cret. Eu. Psalodon U. Jur. 
NA. 

suborder ptilodontoidea Boffiidae Boffia M. Paleoc. Eu. 
Neoplagiaulacidae Cimexomys U. Cret. L. Paleoc. NA. 
Ectypodus L. Paleoc. U. Eoc. NA. U. Paleoc. Eu. Go- 
biaatar U. Cret. CAs. Mesodma [Parectypodus] U. Cret. U. 


Paleoc. NA. Mimetodon M.-U. Paleoc. NA. Neoplagiau- 
lax L.-U. Paleoc. NA. U. Paleoc. Eu. Parectypodus L. Pa- 
leoc. U. Eoc. NA. L. Eoc. Eu. Xanclomys M. Paleoc. NA. 
Cimolodontidae Anconodon M.-U. Paleoc. NA. Cimolo- 
don U. Cret. NA. Liotomus [ Neoctenacodon ] U. Paleoc. 
Eu. Ptilodontidae Kimbetohia U. Cret. L. Paleoc. NA. 
Prochetodon U. Paleoc. L. Eoc. NA. Ptilodus M.-U. Pa- 
leoc. NA. 

suborder taeniolabidoidea Taeniolabididae Catopsalis U. 
Cret. NA. CAs. L.-U. Paleoc. NA. Kamptobaatar U. Cret. 
CAs. Lambdopsalis U. Paleoc. EAs. Prionessus U. Paleoc. 
L. Eoc. As. Sphenopsalis U. Paleoc. EAs. Taemolabis [Po- 
lymastodon] L. Paleoc. NA. Eucosmodontidae Acherono- 
don U. Cret. NA. Buginbaatar U. Cret. or ?Paleoc. CAs. 
Eucosmodon L. Paleoc. NA. Bulganbaatar Kryptobaatar 
[ Gobibaatar ] U. Cret. CAs. Microcosmodon L.-U. Paleoc. 
NA. Nemegtbaatar U. Cret. CAs. Neoliotomus M.-U. Pa- 
leoc. L. Eoc. NA. Pentacosmodon U. Paleoc. NA. Stygi- 
mys U. Cret. M. Paleoc. NA. Tugrigbaatar U. Cret. CAs. 
Xironomys M. Paleoc. NA. Chulsanbaataridae Chulsan- 
baatar U. Cret. CAs. Sloanbaataridae Sloanbaatar U. Cret. 
CAs. 

suborder incertae sedis Cimolomyidae Cimolomys Men- 
iscoessus U. Cret. NA. Essonodon U. Cret. NA. 

Incertae sedis Allacodon Viridomys U. Cret. NA. Cimexo- 
mys U. Cret. L. Paleoc. NA. 

suborder haramiyoidea Haramiyidae Haramiya U. Trias. 
L. Jur. Eu. Thomasia U. Trias. L. Jur. Eu. 

SUBCLASS THERIA 

INFRACLASS TRITUBERCULATA 

order SYMMETRODONTA Kuehneotheriidae Kuhneon U. Trias. 
L. Jur. Eu. Kuehneotherium U. Trias. L. Jur. Eu. Woutersia 
U. Trias. Eu. Spalacotheriidae Eurylambda U. Jur. NA. Per- 
alestes U. Jur. Eu. Spalacotherium U. Jur. L. Cret. Eu. Spa- 
lacotheroides L. Cret. NA. Symmetrodontoides U. Cret. NA. 
Tinodon U. Jur. NA. Amphidontidae Amphidon U. Jur. NA. 
Manchurodon L. Cret. EAs. Nakunodon L. Jur. SAs. 

ORDER incertae sedis Family unnamed Shuotherium M. Jur. 
EAs. 

order eupantotheria Amphitheriidae Amphitherium M. Jur. 
Eu. Peramuridae Peramus U. Jur. Eu. Brancatherulum U. Jur. 
EAf. Palaeoxonodon M. Jur. Eu. Paurodontidae Araeodon 
Archaeotrigon U. Jur. NA. Paurodon Tathiodon U. Jur. NA. 
Dryolcstidae Amblotherium [ Stylacodon Stylodon] U. Jur. Eu. 
NA. Crusafontia L. Cret. Eu. Dryolestes Herpetaims Kepo- 
lestes U. Jur, NA. E uthlastus U. Jur. NA. Kurtodon U. Jur. 
Eu. Laolestes Malthacolestes U. Jur, NA. Melanodon U. Jur. 
NA. L. Cret. Eu. Miccylotyrans Pelicopsis U. Jur. NA. Per- 
aspalax Phascolestes U. Jur. Eu. Incertae sedis Butlerigale 
Guimarota Simpsonodon U. Jur. Eu. 

THERIA OF METATFIERIAN-EUTHERIAN GRADE 

Aegialodontidae Aegialodon L. Cret. Eu. Kermackia L. Cret. 
NA. Kielantberium L. Cret. CAs. Deltatheridiidae Deltatheri- 
dium Deltatheroides Elyotheridium U. Cret. CAs. Incertae sedis 
Beleutinus U. Cret, SWAs. Holoclemensia Pappotherium 
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Slaughteria Trinititherium L. Cret. NA. Potamotelses Falepetrus 
Bistius U. Cret. NA. 

INFRACLASS METATHF.RIA 

ORDER MARSUPIALIA 

(NEW WORLD AND EUROPEAN MARSUPIALS) 

suborder didelphoidea Didelphidae Albertatherium U. 
Cret. NA. Alphadon U. Cret. NA. PSA. Amphiperatber- 
ium [ Oxygomphius ] L. Eoc. U. Mioc. Eu. Bobbschaef- 
feria [ Scbaefferia ] U. Paleoc. SA. Caluromys [Mallodel- 
phys Philander] L. Pleist. R. SA. R. CA. Caroloameghina 

L. Eoc. SA. C hironectes [ Cheironectes Gamba Memina] L. 
Plioc. R. SA. R. CA. Coona L. Eoc. SA. Derorkynchus U. 
Paleoc. SA. Didelpbis [Dasyurotherium Didelphys Gam- 
batherium Leucodelphis Lucodidelphys Opossum Sarigua 
Thylacotherium] Pleist. R. NA. L. Pleist. R. SA. R. CA. 
Didelphopsis U. Paleoc. SA. Entomacodon [ Centracodon ] 

M. Eoc. NA. Gaylordia [ Xenodelphis ] Guggenheimia U. 
Paleoc. SA. Glasbius U. Cret. NA. Herpetotberium L. Eoc. 
L. Mioc. NA. Hondadelphys M. Mioc. SA. Hyperdidel- 
phys [Cladodidelphys Paradidelpbys] U. Mioc. U. Plioc. SA. 
Lestodelphys [ Notodelphys ] L. Pleist. R. SA. Lutreolina 
\Peramys\ U. Mioc. R. SA. Marmosa [Asagis Grymaeo- 
mys Notogogus Quica] M. Mioc. R. SA. R. CA. Marmo- 
sopsis U. Paleoc. SA. Micoureus U. Pleist. R. SA. Mimo- 
peradectes L. Eoc. NA. Minusculodelphis U. Paleoc. SA. 
Mirandatherium [Mirandaia] Mioc. R. SA. Monodelphis 
[Hemiurus Microdelpbys Minuania Monodelphiops Pera- 
mys] U. Mioc. R. SA. Monodelpbopsis U. Paleoc. SA. 
Nanodelphys [ Didelphidectes ] M. Eoc. M. Olig. NA. 
Pachybiotberium U. Olig. SA. Paradidelpbys U. Mioc. U. 
Plioc. SA. Peradectes [ Thylacodon ] U. Cret, L. Eoc. NA. 
L. Eoc. Eu. ?U. Cret. SA. Peratotherium [Alacodon] L. Eoc. 
U. Olig. Eu. Philander [Holothylax Metacherius Metachi- 
rops] L. Plioc. R. SA. R. CA. Protodidelpbis U. Paleoc. SA. 
Sparassocynus [ Gerazoypbus Perazoypbium] U. Mioc. L. 
Plioc. SA. Sternbergia U. Paleoc. SA. Thylamys L. Plioc. R. 
SA. Thylatheridium U. Mioc. LL Plioc. SA. Tbylophorops 
U. Plioc. L. Pleist. SA. Zygolestes L. Plioc. SA. Pediomyi- 
dae Aquiladelphis U. Cret. NA. Pediomys [ Synconodon 
Protolambda] U. Cret. NA. ?U. Cret. SA. Microbiotheri- 
idae Microbiotherium [Clenia Clenialites Eodidelphys 
Hadrorhynchus Microbiotheridion Oligobiotberium Pbon- 
ocdromus Prodidelpbys Proteodidelpbys Stylognatbus] U. 
Olig. L. Mioc. SA. Stagodontidae Boreodon Delpbodon U. 
Cret. NA. Didelphodon [Diapborodon Didelpbops Ecto- 
conodon Stagodon Tblaeodon] Eodelphis U. Cret. NA. 
Borhyaenidae Acrocyon U. Olig. L. Mioc. SA. Anather- 
ium [ Acyon \ U. Olig. L. Mioc. SA. Angelocabrerus L. Eoc. 
SA. Arctodictis U. Olig. L. Mioc. SA. Arminiheringia \ Di- 
lestes] L. Eoc. SA. Argyrolestes L. Eoc. SA. Borhyaena 
[Conodonictis Dynamictis Pseudoborhyaena] U. Olig. L. 
Mioc. SA. Borhyaenidium U. Mioc. L. Plioc. SA. C hasi- 
costylus U. Mioc. SA. Cladosictis [Agustylus Cladictis 
Hathliacymus Ictioborus ] U. Olig. L. Mioc. SA. Cladosic- 
tis Lycopsis Prothylacynus [Napodonictis Prothylacocyon] 
L.-M. Mioc. SA. Eobrasilia U. Paleoc. SA. E.utemodus 
[Apera] U. Mioc. L. Plioc. SA. Nemolestes ?U. Paleoc. ?L. 
Eoc. SA. Notictis U. Mioc. SA. N otocynus U. Plioc. SA. 
Notogale U. Olig. SA. Parabyaenodon M. Plioc. SA. Pa- 


tene [ Ischyrodidelphis ] U. Paleoc. L. Eoc. SA. Peratber- 
eutes L. Mioc. SA. Pkarsophorus U. Olig. SA. Plesiofelis 
M. Eoc. SA. Proborhyaena U. Olig. SA. Procladosictis M. 
Eoc. SA. Prothylacynus L. Mioc. SA. Pseudolycopsis U. 
Mioc. SA. Pseudonotictis L. Mioc. SA. Pseudotbylacynus 
U. Olig. SA. Sipalocyon [Ampbiproviverra Amphithereutes 
Protoproviverra Thylacodictis] U. Olig. L. Mioc. SA. Styl- 
ocinus U. Mioc. SA. Thylacosmilidae Achlysictis [ Acrob - 
yaenodon] Plioc. SA. Hyaenodontops U. Plioc. SA. No- 
tosmilus U. Plioc. SA. Tbylacosmilus U. Mioc. L. Plioc. SA. 
Argyrolagidae Argyrolagus Plioc. SA. Microtragulus U. 
Mioc. L. Pleist. SA. Proargyrolagus L. Olig. SA. 

suborder caenolestoidea Caenolestidae Abderites [Ho- 
munculites] Acdestis [Callomenus Dipilus ] U. Olig. L. Mioc. 
SA. Eomanodon Halmarhippus Micrabderites U. Olig. SA. 
Palaeotbentes [Cladoclinus Essoprion Halmadromus Hal- 
maselus Metaepanortbus Metriodromus Palaepanortbus 
Paraepanortbus Pilcbenia Prepanortbus] Parabderites 
[Mannodon Tidaeus Tideus] U. Olig. L. Mioc. SA. Pbon- 
ocdromus L. Mioc. SA. Picbipilus U. Olig. L. Mioc. SA. 
Pilcbenia Pitheculites [Eomannodon Micrabderites ] U. Olig. 
SA. Pliolestes U. Mioc. L. Plioc. SA. Pseudbalmarbipbus U. 
Olig. SA. Stilotherium [Garzonia Halmarbipbus Parbal- 
marhipus ] Mioc. SA. Polydolopidae Atnpbidolops [Ana- 
dolops] L. Eoc. SA. Antarctodolops U. Eoc. Ant. Epidol- 
ops U. Paleoc. SA. Eudolops [Promysops Propolymastodon ] 
L. Eoc. SA. Polydolops [Anissodolops Archaeodolops Or- 
tbodolops Pliodolops Pseudolops] U. Paleoc. M. Eoc. SA. 
Prepidolops L. Eoc. SA. Seumadia U. Paleoc. SA. 

suborder incertae sedis Groeberiidae Groeberia U. Eoc. 
SA. 

incertae sedis Eobrasilta Gasbternia Ischyrodidelphis Xe- 
nodelphis U. Paleoc. SA. Ideodelpbys Progarzonia L. Eoc. SA. 
Bonapartheriidae Bonapartherium L. Eoc. SA. Necrolestidae 
Necrolestes L. Mioc. SA. 

AUSTRALASIAN MARSUPIALIA 

suborder dasyuroidea Dasyuridae Ankotarmja M. Mioc. 
Aus. Antechinomys Pleist. R. Aus. Antechinus [Parante- 
cbinus Pseudantecbinus ] ?U. Mioc. Pleist. R. Aus. Dasy- 
cercus Pleist. R. Aus. Dasylurinja M. Mioc. Aus. Dasyu- 
roides Pleist. R. Aus. Dasyurus [Dasyurinus Dasyurops 
Nasira Notoctonus Satanellus Stictopbonuss] Plioc. R. Aus. 
R. EInd. Glaucodon L. Plioc. Aus. Keeuna M. Mioc. Aus. 
Pbascogale [Ascogale Pbascolictis Pbascologale Tapoa] 
Pleist. R. Aus. Pbascolosorex M. Plioc. R. EInd. Planigale 
Plioc. R. Aus. EInd. Sarcopbilus [Diabolus Ursinus] Pleist. 
R. Aus. Smintbopsis [ Podabrus ] Pleist. R. Aus. R. EInd. 
Wakamatba ?M. Mioc. Aus. Thylacinidae Thylacinus 
[Paracyon Peralopex] U. Mioc. R. Aus. Plioc. Pleist. EInd. 
Myrmecobiidae Myrmecobius U. Pleist. R. Aus. Notoryc- 
tidae R. Aus. 

suborder perameloidea Peramelidae C baeropus [C hoero- 
pus] L. Pleist. R. Aus. Echymiper \Anuromeles Bracbyme- 
lis Suillomeles] M.-U. Mioc. R. Aus. Isoodon [Tbylacis] 
PM.-U. Mioc. Plioc. R. Aus. R. EInd. Perameles [Tbylacis 
Tbylax] ?M.-U. Mioc. Plioc. R. Aus. Peroryctes [Orno- 
ryctes] PM.-U. Mioc. Aus. Tbylacis Pleist. R. Aus. Thyla- 
comyidae Iscbnodon Plioc. Aus. Macrotis [Peragale [Thal- 
acomys Thylacomys] Pleist. R. Aus. 
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superfamily phalangeroidea Phalangeridae Cercaertus 
Pleist. Aus. Palaeoptaurus Pleist. Aus. Petaums Plioc. 
Pleist. R. Aus. R. EInd. Phalanger [Ailurops Balantia 
Ceonyx Coescoes Cuscus Encuscus Sipalus Phalangista 
Sptlocuscus Strigocuscus ] ?M. Mioc. L. Plioc. R. Aus. R. 
EInd. Trichosurus [Ceraertus Psilogrammurus Tricburus] 
Plioc. R. Aus. Ektopodontidae Ektopodon M. Mioc. Aus. 
Petauridae Gymtiobelideus [ Palaeopetaurus\ Pleist. R. Aus. 
Petaurus [Belideus Petaurella Ptilotus Xenochirus] Pleist. 
R. Aus. R. EInd. Pseudocheirops U. Mioc. R. Aus. 
Pseudocheirus [Hemibelideus Hepocma Petropseudes 
Pseudocheirops ] Plioc. R. Aus. R. Tas. EInd. Pseudo- 
koala Plioc. Aus. Schinobates Pleist. R. Aus. Burramyi- 
dae Acrobates Pleist. R. Aus. Burramys Plioc. R. Aus. 
Cercartetus [Drotntcia Dromiciella Dromiciola Endromi- 
cia\ M. Mioc. R. Aus. EInd. Tas. Thylacoleonidae Thy- 
lacoleo Plioc. Pleist. Aus. Wakaleo M. Mioc. Aus. Ma- 
cropodidae Aepyprymnus Pleist. R. Aus. Bettongia 
[Bettongiops] M. Mioc. R. Aus. Brachalletes Pleist. Aus. 
Caloprymnus Pleist. R. Aus. Dendrolagus Plioc. Aus. 
Dorcopsis Plioc. Aus. R. EInd. Dorcopsoides M.-U. Mioc. 
Aus. Fissuridon Pleist. Aus. Gumardee M. Mioc. Aus. 
Hadronomas U. Mioc. Aus. Hypsiprymnodon [Pleopus] 
Plioc. R. Aus. Lagorchestes Pleist. R. Aus. Macropus 
[Boriogale Dendrodorcopsis Gerboides Gigantomys Hal- 
maturus Kangurus Leptosiagon Megaloia Osphranter 
Phascolagus] Plioc. R. Aus. R. EInd. Nambaroo M. 
Mioc. Aus. Onychogale Pleist. R. Aus. Osphranter Plioc. 
Aus. Palaeopotorous M. Mioc. Aus. Petrogale Plioc. 
Pleist. R. Aus. Potorous [Hypsiprymnus Potoroops] Pleist. 
R. Aus. Prionotemnus Plioc. Pleist. Aus. Procoptodon 
[Pachysiagon] Pleist. Aus. Propleopus [Triclis] Plioc. Pleist. 
Aus. Protemnodon Plioc. Aus. EInd. Setonix ?M. Mioc. 
Pleist. R. Aus. Sthenurus [ Simosthenurus ] Plioc. Pleist. 
Aus. Synaptodon Pleist. Aus. Thylogale Plioc. R. Aus. R. 
EInd. Tropsodon Plioc. Pleist. Aus. Wabularoo U. Mioc. 
Aus. Wakiewakie M. Mioc. Aus. Wallabia Pleist. R. Aus, 

SUPF.RFAMiLY phascolarctoidea Phascolarctidae Koohor 
Plioc. Aus. Litokoala M. Mioc. Aus. Periokoala M. 
Mioc. Aus. Phascolarctos Pleist. R. Aus. 

superfamily VOMBATOIDEA Vombatidae Lasiorhinus 
[Wombatula] Pleist. R, Aus. Phascolonus [ Sceparnodon ] 
Plioc. Pleist. Aus. Ramsayta Pleist. Aus. Rhizophasco- 
lonus M. Mioc. Aus. Vombatus [Phascolomis] Plioc. 
Pleist. R. Aus. Diprotodontidae Bematherium M. Mioc. 
Aus. Diprotodon [Diarcodon] Pleist. Aus. E uryzygoma 
Plioc. Aus. Euowenia \Owenia\ Plioc. Pleist. Aus. Ko- 
lopsis U. Mioc. Aus. Plioc. EInd. Kolopsoides Plioc. EInd. 
Meniscolophus Plioc. Aus. Neohelos M. Mioc. Aus. 
Nototherium Plioc. Pleist. Aus. Plioc. EInd. Plaisiodon U. 
Mioc. Aus. Pyramios U. Mioc. Aus. Raemeotherium M. 
Mioc. Aus. Zygomaturus U. Mioc. Pleist. Aus. ? Bra- 
challetes Plioc. Aus. f Koalemus Plioc. Aus. fSthenmerus 
Pleist. Aus. Palorchestidae Ngapakaldia M. Mioc. Aus. 
Palorchestes U. Mioc. Pleist. Aus. Pleist. Tas. Pitikantia 
M. Mioc. Aus. Wynyardiidae Namilamadeta M. Mioc. 
Aus. Wynyardia L. Mioc. Aus. 


(A possible supraordinal classification of Eutherian mammals is 
seen in Table A-l.) 

ORDER 1NCERTAE SEDIS Kennalestidae Asioryctes Kennalestes 
U. Cret. CAs. Zalambdalestidae Barunlestes Zalambdalestes 


TABLE A-l. Supraordinal Classification of Eutheria, Proposed 
by Novacek (1986) 

Class Mammalia 
Subclass Theria 
Infraclass Eutheria 

Cohort Edentata 

Order Xenarthra 
Order Pholidota 

Cohort Epitheria 

Superorder Insectivora 
Order Leptictida 
Order Lipotyphla 

Suborder Erinaceomorpha 
Suborder Soricomorpha 
Super family Tenrecoidea 
Superfamily Soricoidea 

Superorder Volitantia 
Order Dermoptera 
Order Chiroptera 

Superorder Anagalida 
Order Macroscelidae 
(may include Anagalidae) 

Grandorder Glires 
Order Rodentia 
Order Lagomorpha 

Superorder Ungulata 
Order Arctocyonia 
Order Dinocerata 
Order Embrithopoda 
Order Artiodactyla 
Order Cetacea 
Order Perissodactyla 
Grandorder Meridiungulata 

(most South American ungulates) 

Grandorder Paenungulata 
Order Hyracoidea 
Mirorder Tethytheria 
Order Sirenia 
Order Proboscidea 
Order Desmostylia 

Cohort Epitheria incertae sedis 
Order Tubulidentata 
Order Carnivora 
Order Primates 
Order Scandentia 
Order Tillodontia 
Order Taeniodonta 


suborder incertae sedis Tarsipedidae R. Aus. 
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U. Cret. EAs. Family unnamed Batodon Gallolestes U. Cret. 
NA. Cimolestes Procerberus U. Cret. L. Paleoc. NA. 

order apatotheria Apatemyidae Apatemys [Teilhar della] U. 
Paleoc. U. Eoc. NA. L. Eoc. Eu. Eochiromys L. Eoc. EU. 
?NA. Heterohyus [Amphichiromys Heterochiromys ?Necro- 
sorex ] L.-U. Eoc. Eu. Jepsenella M. Paleoc. NA. ?U. Paleoc. 
Eu. Labidolemur U. Paleoc. NA. Sinclairella L.-M. Olig. NA. 
Stehlinella [ Stehlinius ] U. Eoc. NA. Unuchinia [Apator] U. 
Paleoc. NA. 

order leptictida Gypsonictopidae Gypsonictops [ Euangel - 
istes ] U. Cret. NA. Leptictidae Diacodon M. Paleoc. NA. 
Diaphyodectes U. Paleoc. NA. Hypictops M. Eoc. NA. Ic- 
topidium U. Eoc. EAs. Leptictis U. Eoc. Olig. NA. Myrme- 
coboides M.-U. Paleoc. NA. Palaeictops [ Parictops ) ?U. Pa- 
leoc. L.-M. Paleoc. NA. Prodiacodon L. Paleoc. L. Olig. NA. 
Protictops U. Eoc. NA. Pseudorhyncocyonidae Leptictidium 
M. Eoc. Eu. Pseudorhyncocyon U. Eoc. Eu. 

order pantolesta Pantolestidae Amaramnis L. Eoc. NA. 
Bogdia M. Eoc. EAs. Buxolestes M. Eoc. Eu. Chadronia L. 
Olig. NA. Cryptopith ecus U. Eoc. L. Olig. Eu. Dyspterna U. 
Eoc. L. Olig. Eu. fKelba L. Mioc. EAf. Niphredil U. Pa- 
leoc. NA. Pagonomus U. Paleoc. Eu. Palaeosinopa M. Pa- 
leoc. L. Eoc. NA. ?L. Eoc. EAs. Paleotomus L.-U. Paleoc. 
NA. Pantolestes M. Eoc. NA. Pantomimus L. Paleoc. NA. 
Propalaeosinopa M.-U. Paleoc. NA. Simidectes U. Eoc. NA. 
Pentacodontidae Aphronorus M. Paleoc. NA. Eu. Bisonal- 
veus U. Paleoc. NA. Coriphagus [Mixoclaenus] Pentacodon 
M. Paleoc. NA. Protentomodon U. Paleoc. NA. PPtolemi- 
idae Ptolemaia L. Olig. NAf. Qarunavus Olig. NAf. 

order scandentia Tupaiidae Tupaia Plioc. SAs. R. SEAs. 

order macroscelidea Macroscelididae Elephantulus [Ele- 
phantomys] U. Plioc. R. Af. Macroscelides U. Plioc. R. Af. 
Metoldobotes L. Olig. NAf. Mylomygale U. Plioc. L. Pleist. 
SAf. Myohyrax L. Mioc. SAf. EAf. Miorhynchocyon L. Mioc. 
EAf. Palaeothentoides L. Plioc. SAf. Protypotheroides L. 
Mioc. SAf. Rhynchocyon L. Mioc. R. Af. Pronasilio Hi- 
wegicyon M. Mioc. EAf. 

order dermoptera 

superfamily plagiomenoidea Plagiomenidae Elpidopho- 
rus L.-U. Paleoc. NA. Plagiomene U. Paleoc. L. Eoc. NA. 
Planetetherium U. Paleoc. NA. ?Thylacaelurus U. Eoc. 
NA. Worlandia U. Paleoc. L. Eoc. NA. Galeopithecidae 
(Cynocephalidae) R. SEAs. PMixodectidae Eudaemo- 
nema M. Paleoc. NA. Mixodectes [Indrodon Oldobotes] 
M.-U. Paleoc. NA. fRemiculus U. Paleoc. Eu. Placenti- 
dentidae Placentidens L. Eoc. Eu. 

order insectivora Family unnamed Paranyctoides U. Cret. 
NA. 

SUBORDER ERINACEOMORPHA (LIPOTYPHLA) 

superfamily ERIN aceoide A Dormaaliidae Ankylodon M. 
Eoc. L. Olig. NA. Crypholestes M. Eoc. NA. Dormaal- 
ius L. Eoc. Eu. Macrocranion [Messelina] L.-M. Eoc. Eu. 
NA. Proterixoides M. Eoc. NA. Scenopagus L.-M. Eoc. 
NA. Sespedectes M. Eoc. NA. Amphilemuridae Alsati- 
copithecus Amphilemur M. Eoc. Eu. Gesneropithex U. 
Eoc. Eu. Pholidocercus M. Eoc. Eu. Erinaceidae Adapi- 
sorex M.-U. Paleoc. Eu. Amphiechinus Brachyerix L.-M. 


Mioc. NA. Cedrochoerus LL Paleoc. NA. Dartonius L. 
Eoc. NA. Dimylechinus L. Mioc. Eu. Entomolestes M. 
Eoc. NA. Eolestes L. Eoc. NA. Erinaceus U. Mioc. R. 
Eu. R. As. Af. Galerix [Parasorex Pseudogalerix ] U. 
Mioc. Eu. EAf. Gymnurechinus M. Mioc. EAf. Lan- 
thanotheriurn M.-U. Mioc. Eu. U. Mioc. L. Plioc. NA. 
Leipsanolestes U. Paleoc. L. Eoc. NA. Litolestes U. Pa- 
leoc. NA. Metechmus M.-U. Mioc. NA. Miochinus L.-U. 
Mioc. Eu. Neomatrotiella L. Eoc. Eu. Neurogymnurus U. 
Eoc. L. Olig. Eu. Ocajila L. Mioc. NA. Parvechinus U. 
Olig. As. L.-M. Mioc. NA. Postpalerinaceus L. Plioc. Eu. 
Protechinus U. Mioc. EAf. Proterix M. Olig. NA. Sten- 
oechinus L. Mioc. NA. Untermannerix M.-U. Mioc. NA. 
Incertae sedis Adunator M. Paleoc. L. Eoc. Eu. Dia- 
cochoerus U. Paleoc. NA. Exallerix M. Olig. EAs. 
Mckennatherium M. Paleoc. NA. Talpavus L.-U. Eoc. 
NA. Talpavoides L. Eoc. NA. Tupaiodon U. Eoc. As. 
Xenacodott U. Paleoc. NA. 

suborder soricomorpha Palaeoryctidae Aaptoryctes U. 
Paleoc. NA. ? Aboletylestes U. Paleoc. Eu. Acmeodon 
Avunculus M. Paleoc. NA. Didelphodus [Didelphyodus 
Phenacops) L.-M. Eoc. NA. Gelastops M. Paleoc. NA. 
Leptonysson M. Paleoc. NA. Naranius L. Eoc. EAs. Pa- 
laeoryctes L. Paleoc. L. Eoc. NA. Pararyctes U. Paleoc. 
NA. Stilpnodon M. Paleoc. NA. ?Thelysia L. Eoc. NA. 
Tsaganius L. Eoc. EAs. 

superfamily soricoidea Geolabididae Batodontoides M. 
Eoc. NA. Centetodon [Embassis Geolabis Hypacodon 
Metacodon] L. Eoc. L. Mioc. NA. Talpidae R. Eu. As. 
NA. Ankyloscapter L.-M. Mioc. NA. Asthenoscapter L.- 
M. Mioc. Eu. Condylura Pleist. R. NA. Cryporyctes L. 
Olig. NA. Desmana [ Desmagale Mygale Myogale] L. 
Plioc. R. Eu. R. As. Desmanella M.-U. Mioc. Eu. M. 
Mioc. L. Plioc. As. Domninoides Mioc. NA. Eotalpa U. 
Eoc. Eu. Gaillardia U. Mioc. NA. Galemys L.-U. Plioc. 
R. Eu. Geotrypus U. Olig. L. Mioc. Eu. Hesperoscalops 
L. Plioc. NA. Mygalea U. Mioc. Eu. Mygalmia L. Plioc. 
Eu. Mygatalpa M.-U. Olig. Eu. Mystipterus L.-U. Mioc. 
NA. Myxomygale L.-M. Olig. Eu. Neurotrichus U. Mioc. 
L. Plioc. NA. Parascalops Pleist. R. NA. Paratalpa M. 
Olig. L. Mioc. Eu. Proscapanus L.-U. Mioc. Eu. Quad- 
rodens U. Olig. NA. Scalopoides L.-U. Mioc. NA. ?M. 
Mioc. Eu. Scalopus [Scalops] U. Mioc. R. NA. Sca- 
panus [Xeroscapbeus] L. Plioc. R. NA. Scaptochirus 
Pleist. Eu. Pleist. R. As. Scaptogale [Echinogale] L. Mioc. 
Eu. ?Scaptonyx M.-U. Mioc. Eu. R. EAs. Talpa [Mo- 
gera ] L. Mioc. R. Eu. Pleist. R. As. Teutonotalpa L. 
Mioc. Eu. Urotrichus ?M. Mioc. Eu. Pleist. R. EAs. 
Proscalopidae Cryptoryctes L. Olig. NA. Mesoscalops L. 
Mioc. NA. Oligoscalops L.-M. Olig. NA. Proscalops U. 
Olig. L. Mioc. NA. Plesiosoricidae ?Butselia L. Olig. Eu. 
Plesiosorex M. Olig. U. Mioc. NA. ?Saturninia M. Eoc. 
L. Olig. Eu. Soricidae Adeloblarina M. Mioc. NA. Al- 
losorex U. Mioc. U. Plioc. Eu. Alluvisorex M.-U. Mioc. 
NA. Amblycoptus L. Plioc. Eu. Amphisorex L. Olig. Eu. 
Anchiblarinella U. Mioc. NA. Anourosorex [ Shikamai - 
nosorex] M. Plioc. R. As. U. Mioc. ?NA. Eu. Anteso- 
rex Augustidens L. Mioc. NA. Beckiasorex L.-M. Mioc. 
NA. Beremendia L. Plioc. L. Pleist. Eu. ?EAs. Blarina U. 
Plioc. R. NA. Blarinella U. Plioc. R. EAs. Blarinoides U. 
Plioc. Eu. Carposorex L. Mioc. Eu. Clapasorex L. Mioc. 
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Eu. Crocidosorex U. Olig. L. Mioc. Eu. Crocidura L. 
Plioc. R. Eu. Pleisc. R. As. L. Mioc. L. Pleist. R. Af. L. 
Pleist. R. EInd. Cryptotis U. Mioc. R. NA. Pleist. R. SA. 
Dinosorex U. Olig. Mioc. Eu. Diplomesodon U. Plioc. 
Af. R. EEu. Domina [Miothen Protosorex] L. Olig. Eu. 
L. Mioc. NA. Episoriculus L. Plioc. U. Plioc. Eu. Hes- 
perosorex ?U. Mioc. L. Plioc. NA. Ingentisorex U. Mioc. 
NA. Limnoecus L.-U. Mioc. Eu. L. Mioc. L. Plioc. NA. 
Microsorex Pleist. R. NA. Myosorex U. Plioc. R. SAf. 
Neomys [ Crossopus ] U. Pleist. R. Eu. Pleist. R. As. Ne- 
siotites U. Pleist. Eu. Notiosorex U. Mioc. R. NA. Oli- 
gosorex L.-M. Mioc. Eu. Paenelimnoecus M. Mioc. Eu. 
Paranourosorex U. Mioc. Eu. Siwalikosorex U. Mioc. 
SAs. Snnitium M. Olig. Eu. Sorex [ Drepanosorex ] L. 
Mioc. R. NA. U. Mioc. R. Eu. Soricella L. Mioc. Eu. 
Soriculus L. Plioc. R. As. PPlioc. R. NAf. Suncus [Pa- 
chura] L. Plioc. R. Eu. Pleist. R. Af. R. As. Sylvisorex 
U. Plioc. R. Af. Tregosorex U. Mioc. NA. Trimylus 
[Heterosorex] M. Olig. M.-U. Mioc. NA. U. Olig. L. 
Plioc. Eu. Wilsonosorex L. Mioc. NA. Zelceina L. Plioc. 
L. Pleist. Eu. Nyctitheriidac Bumbanius L. Eoc. EAs. 
Leptacodon M. Paleoc. L. Eoc. NA. Nyctitberium L.-U. 
Eoc. NA. Oedollus L. Eoc. EAs. Plagioctenodon U. Pa- 
leoc. L. Eoc. NA. Plagioctenoides L. Eoc. NA. Ponti- 
factor U. Paleoc. M. Eoc. NA. Micropternodontidae 
Micropternodus [Kentrogomphius] M. Eoc. U. Olig. NA. 
Prosarcodon M. Paleoc. EAs. Sarcodon [ Opisthopsalis ] 
U. Paleoc. EAs. Sinosinopa M. Eoc. EAs. Dimylidae 
Cordylodoti U. Olig. L. Mioc. Eu. Dimyloides U. Olig. 
Eu. Dimylus L. Mioc. Eu. Exodaenodus M. Olig. Eu. 
Metacordylodon U. Mioc. Eu. Plesiodimylus M. Mioc. L. 
Plioc. Eu. Pseudocordylodon L. Mioc. Eu. Incertae sedis 
Clinopternodus L. Olig. NA. Nycticonodon L. Eoc. Eu. 
Parapternodus L. Eoc. NA. Scraeva M.-U. Eoc. Eu. 

SUBORDER ZAI.AMBDODONTA 

supereamily tenrecoidea Tenrecidae (Centetidae) Ery- 
throzootes L. Mioc. EAf. Parageogale M. Mioc. EAf. 
Protenrec L. Mioc. EAf. 

SUPF.RFAM1LY CHRYSOCHLOROIDEA Chrysochloridae Am- 
blysomus U. Plioc. Af. Chlorotalpa [ ?Chrystotricba ] Pleist. 
R. SAf. Chrysochloris L. Plioc. R. Af. Proamblysomus U. 
Plioc. Pleist. SAf. Prochrysochloris L. Mioc. EAf. 

order insectivora incertae sedis Aethomylus M. Eoc. NA. 
Arctoryctes L. Mioc. NA. Creotarsus L. Eoc. NA. Adapi- 
soriculus U. Paleoc. Eu. Hyracolestes U. Paleoc. EAs. 

order tillodontia Esthonychidae Adapidium U. Eoc. As. 
Esthonyx [Plesesthonyx] U. Paleoc. L. Eoc. NA. L. Eoc. Eu. 
Lofocbaius L. Paleoc. EAs. Kuanchuartius M. Eoc. EAs. 
Megalestbonyx L. Eoc. NA. Meiostylodon L. Paleoc. EAs. 
Tillodon M. Eoc. NA. Trogosus [Tillotherium] L.-M. Eoc. 
NA. Incertae sedis Basalina M. Eoc. SAs. Dysnoetodon Pa- 
leoc. EAs. 

order pantodonta Archaeolambdidae Archaeolambda U. 
Paleoc. L. Eoc. EAs. Nanlingilambda U. Paleoc. EAs. Be- 
malambdidae Bemalambda M.-U. Paleoc. EAs. Hypsilo- 
lambda M. Paleoc. EAs. Pantolambdidae Caenolambda M.-U. 
Paleoc. NA. Pantolambda M. Paleoc. NA. Barylambdidae 
Barylambda U. Paleoc. NA. Haplolambda [ Archaeolambda } 
U. Paleoc. NA. EAs. lgnatiolambda Leptolambda U. Paleoc. 


NA. Titanoideidae Titanoides [ Sparactolambda ) M.-U. Pa- 
leoc. NA. Coryphodontidae Asiocorypbodon L. Eoc. EAs. 
Coryphodon [Letalophodon Loxolophodon\ U. Paleoc. L. 
Eoc. NA. L. Eoc. Eu. L.-M. Eoc. EAs. Eudinoceras M.-U. 
Eoc. EAs. Hypercoryphodon L. Olig. EAs. Manteodon L. 
Eoc. EAs. Metacoryphodon M. Eoc. EAs. Harpyodidae 
Harpyodus U. Paleoc. EAs. Pantolambdodontidae Dilamba 
U. Eoc. EAs. Oroklatnbda M. Eoc. EAs. Pantolambdodon 
M.-U. Eoc. EAs. Pastoralodontidae Altilambda U. Paleoc. 
EAs. Convallisodon U. Paleoc. EAs. Pastoralodon U. Pa- 
leoc. L. Eoc. EAs. Cyriacotheriidae Cyriacotberium U. Pa- 
leoc. NA. 

order dinocerata Uintatheriidae Bathyopsis L.-M. Eoc. NA. 
Bathyopsoides U. Paleoc. NA. Eobasileus [ Uintacolother - 
turn] U. Eoc. NA. Ganathertum L. Eoc. As. Gobiatherium 
?L. Eoc. M.-U. Eoc. EAs. Houyanotherium U. Paleoc. EAs. 
Jiaoluotherium LI. Paleoc. EAs. Mongolotherium U. Paleoc. 
EAs. Phenaceras L. Eoc. As. Probathyopsis [Prouintather- 
ium] U. Paleoc. L. Eoc. NA. ?L. Eoc. EAs. Prodinoceras U. 
Paleoc. EAs. Pyrodon L. Eoc. EAs. Tetbeopis M.-U. Eoc. 
NA. Uintatherium [Dinoceras Ditetrodon Elacboceras La- 
oceras Octotomus Paroceras Platoceras Tinoceras Uintamas- 
tix] ?M. Eoc. As. U.-M. Eoc. NA. Gobiatheriidae Gobiath- 
erium M. Eoc. EAs. 

order taeniodontia Stylinodontidae Chungchietiia U. Eoc. 
EAs. Conoryctella Conoryctes M. Paleoc. NA. Ectoganus 
[ Camalodon ] L. Eoc. NA. Huerfanodon L. Paleoc. NA. 
Lampadopborus U. Paleoc. NA. Onychodectes L. Paleoc. NA. 
Psittacotherium M. Paleoc. NA. Stylinodon L.-U. Eoc. NA. 
?U. Eoc. As. Wortmania L. Paleoc. NA. 

order chiroptera 

suborder megachiroptera Pteropodidae Propotto L. Mioc. 
Af. Archaeopteropus M. Olig. Eu. 

suborder microchiroptera 

superfamily icaron ycteroidea Icaronycteridae Icaron- 
ycteris L. Eoc. NA. ?Eu. Palaeochiropterygidae Ar- 
chaeonycteris L.-M. Eoc. Eu. Cecilionycteris Matthesia 
Palaeochiropteryx M. Eoc. Eu. 

superfamily emballonuroidea Emballonuridae Tapho- 
zous ?Eoc. Olig. Eu. L. Mioc. R. Af. R. SAs. Aus. Ves- 
pertiliavus M. Eoc. M. Olig. Plioc. Eu. 

superfamily rhinolophoidea Megadermatidae Cardiod- 
erma U. Plioc. L. Pleist. R. Af. Megaderma Mioc. Eu. 
Pleist. R. As. R. Aus. Necromantis L. Olig. Eu. Rhino- 
lophidae Palaeonycteris U. Olig. Eu. Rhinolophus U. Eoc. 
R. Eu. Pleist. R. As. Aus. M. Mioc. U. Plioc. R. Af. 
Hipposideridae Asellia M. Mioc. Eu. Af. R. NAf. SAs. 
Hipposideros M. Eoc. M. Mioc. Eu. L. Mioc. NAf. 
Pleist. R. EInd. R. As. Af. Aus. Palaeopbyllopora U. Eoc. 
M. Olig. Eu. Paraphyllopbora U. Eoc. L. Olig. ?Mioc. 
Eu. Rbinonycteris M. Mioc. Aus. 

superfamily phyllostomatoidea Phyllostomatidae Des- 
modus Pleist. NA. R. SA. Leptonycteris U. Pleist. R. CA. 
NA. Mormoops Pleist. R. Wind. Pleist. R. NA. R. SA. 
Notonycteris U. Mioc. SA. ?Vampyravus L. Olig. NAf. 

SUPERFAMILY VESPERTILIONOIDEA MyZOpodidaC MyZO- 
poda L. Pleist. Af. R. Mad. Vespertilionidae Antrozous 
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Plioc. R. NA. Anzanycteris U. Plioc. NA. Barbastella 
Pleist. R. Eu. Chamtwaria M. Mioc. EAf. Eptesicus 
[Hesperoptenus Histiotus] M. Mioc. R. Eu. ?L. Plioc. As. 
Pleist. R. NA. R. SA. Wind. As. Af. Aus. Histiotus L. 
Pleist. NA. Lasionycterus M. Plioc. R. NA. Lasiurus 
[Atalapba Dasypterus ] U. Plioc. R. NA. Pleist. R. SA. R. 
Wind. Hawaii Miniopterus Mioc. R. Eu. Pleist. R. As. 
U. Plioc. U. Pleist. Af. Myotis M. Olig. R. Eu. Pleist. R. 
As. Af. R. SA. Aus. U. Mioc. R. NA. Nyctalus U. Pleist. 
R. Eu. Nycticeius U. Pleist. R. NA. Paleptesicus M. 
Mioc. Eu. Pipistrellus [Nyctalus Vesperugo] Pleist. R. Eu. 
R. As. NA. Af. Elnd. Plecotus [Corynorbinus \ L. Plioc. 
R. Eu. As. R. NAf. Pleist. NA. Scotopbilus ?M. Mioc. 
Eu. Stehlinia [Nycterobius Revilliodia] M. Eoc. U. Olig. 
Eu. Tadarida \ Chaerophon Nyctinomus ] U. Olig. SA. ?U. 
Olig. R. Eu. Pleist. R. NA. Wind. R. SAs. Af. Aus. SA. 
Vespertilio U. Plioc. R. Eu. ?Pleist. NA. Pleist. R. Af. R. 
As. Molossidae Eumops U. Pleist. NA. R. SA. CA. 
Nyctinomus L. Mioc. Eu. 

superfamjly iNCERTAE sedis Afropterus M. Mioc. Af. 
ORDER PRIMATES 

SUBORDER PLES1ADAP1EORMES 

superfamii.y para mom yoidea Paromomyidae Berruvius 
U. Paleoc. L. Eoc. NA. Ignacius U. Paleoc. U. Eoc. NA. 
Micromomys U. Paleoc. NA. Navajovius U. Paleoc. L. 
Eoc. NA. Palaecbthon Palenochtba M. Paleoc. NA. Pa- 
romomys M. Paleoc. NA. Phenacolemur U. Paleoc. M. 
Eoc. NA. Eu. Plesiolestes M.-U. Paleoc. NA. Purgato- 
rius U. Cret. L. Paleoc. NA. Tinimomys U. Paleoc. L. 
Eoc. NA. Picrodontidae Picrodus [Megapterna] M.-U. 
Paleoc. NA. Zanycteris U. Paleoc. NA. PMicrosyopidae 
Alveojunctus M. Eoc. NA. Microsyops [Cynodontomys] 
U. Paleoc. M. Eoc. NA. Niptonomys U. Paleoc. L. Eoc. 
NA. Uintasorex M. Eoc. NA. 

superfamily plesiadapoidea Plesiadapidae Chiromyoides 
U. Paleoc. NA. Eu. L. Eoc. NA. Platychoerops L. Eoc. 
Eu. Pronotbodectes M. Paleoc. NA. Plesiadapis [Ancep- 
soides Nothudectes] U. Paleoc. L. Eoc. Eu. NA. Saxo- 
nellidae Saxonella U. Paleoc. Eu. NA. Carpolestidae 
Carpodaptes M. Paleoc. L. Eoc. NA. Carpolestes U. Pa- 
leoc. NA. Elphidotarsius M. Paleoc. NA. 

SUBORDER PROSIMII 

infraorder ADAPiFORMES Adapidae Adapis [Apbelotber- 
ium Palaeolemur ] Agerinia L. Eoc. Eu. Anchomomys M. 
Eoc. L. Olig. Eu. Caenopithecus M. Eoc. Eu. Copele- 
mur L. Eoc. NA. Europolemur M. Eoc. Eu. Huerzeleris 
M.-U. Eoc. Eu. Indraloris U. Mioc. lnd. Leptadapis M.- 
U. Eoc. Eu. Lusbius U. Eoc. EAs. Mabgarita U. Eoc. 
NA. Microadapis M. Eoc. Eu. Notbarctus \ Hipposyus 
lAmnotherium Prosinopa Telmalestes Telmatolestes 
Thinolestes Tomitberium] L.-M. Eoc. NA. Pelycodus L. 
Eoc. NA. Eu. Periconodon M. Eoc. Eu. ?Petrolemur U. 
Paleoc. EAs. Pronycticebus U. Eoc. Eu. Protoadapis 
[Europolemur Megatarsius] L.-U. Eoc. Eu. Smilodectes 
[Aphanolemur\ M. Eoc. NA. 

INFRAORDER LEMUR1FORMES 

superfamii.y i.emuroidea Lemuridae R. Mad. Comora 
Islands. Megalapidae Megalapis R. Mad. 


superfamily LORjsoiDEA Lorisidae Komba L. Mioc. EAf. 
Mioeuoticus L. Mioc. EAf. Progalago L. Mioc. EAf. 
Cheirogaleidae R. Mad. 

SliPERFAMiLY INDRIOIDEA lndriidae Mesopropitbecus 
[Neopropithecus] subfossil Mad. Daubentoniidae R. Mad. 
Archaeolemuridae Archaeolemur Hadropithecus subfossil 
Mad. Palaeopropithecidae Palaeopropithecus Arcbaeoin- 
dris subfossil Mad. 

ineraorder TARSiiFORMES Omomyidae Absarokius L.-M. 
Eoc. NA. Altanius L. Eoc. CAs. Anaptomorpbus M. Eoc. 
NA. Anemorhysis L. Eoc. NA. Cblororhysis L. Eoc. NA. 
Cbumashius U. Eoc. NA. Donrussellia L. Eoc. Eu. Dy- 
seolemur M. Eoc. NA. Ekgmowechashala L. Mioc. NA. 
Hemiacodon M. Eoc. NA. Hoangbonius M. or U. Eoc. 
EAs. Kobatius L. Eoc. SAs. Loveina L. Eoc. NA. Ma- 
crotarsius M. Eoc. L. Olig. NA. Mckennamorpbus L. 
Eoc. NA. Microcboerus U. Eoc. L. Olig. Eu. Nanno- 
pithex M. Eoc. Eu. Necrolemur M.-U. Eoc. Eu. Omo- 
mys [ Euryacodon Palaeacodon } L.-M. Eoc. NA. Our- 
ayia M. Eoc. NA. Pseudoloris U. Eoc. Eu. Rooneyia L. 
Olig. NA. Sbosbonius L. Eoc. NA. Stockia M. Eoc. NA. 
Teilbardina L. Eoc. Eu. Tetonius [ Paratetonius ] L. Eoc. 
NA. Trogolemus M.-U. Eoc. NA. Uintanius L.-M. Eoc. 
NA. Utabia L.-M. Eoc. NA. Wasbakus [ Yamanius ] M. 
Eoc. NA. Tarsiidae fAfrotarsius Olig. NAf. 

suborder anthropoidea 

infraordfr incertae sedis Ampbipithecus Pondaungia 
U. Eoc. SAs. 

infraorder Pi.ATYRRHiNi Cebidae Branisella U. Olig. SA. 
Dolichocebus U. Olig. SA. Neosaimiri M. Mioc. SA. 
Atelidae Cebupitbecia M. Mioc. SA. Homunculus L. 
Mioc. SA. Stirtonia M. Mioc. SA. Tremacebus U. Olig. 
SA. Xenothrix Pleist. Wind. 

INFRAORDER CATARRHINI 

superfamily PARAPiTHF.coiDEA Parapithecidae Apidium 
Parapithecus M. Olig. NAf. 

superfamily cercopithecoidea Cercopithecidae Cerco- 
cebus U. Plioc. L. Pleist. R. Af. Cercopitbecus U. Plioc. 
R. Af. Cercopithecoides U. Plioc. M. Pleist. Af. Colo- 
bus U. Mioc. R. Af. Dinopithecus U. Plioc. Af. Doli- 
cbopithecus ?U. Mioc. Plioc. Eu. Gorgopithecus U. Plioc. 
SAf. Libypithecus U. Mioc. NAf. Macaca [Aulacinus 
Macacus Rhesus] U. Mioc. R. NAf. L. Plioc. L. Pleist. 
Eu. U. Plioc. R. As. ?M. Pleist. R. Elnd. Mesopitbecus 
U. Mioc. U. Plioc. Eu. WAs. Papio [ Brachygnathopithe - 
cus Choeropithecus Cynocepbalus Dinopithecus Gorgo- 
pithecus Parapapio Simopithecus] Plioc. R. Af. R. SAs. 
Paracolobus Plioc. EAf. Paradolicbopitbecus Plioc. Eu. 
EEu. CAs. Parapapio ?U. Mioc. L. Pleist. Af. Presbytis 
[Paradolicbopitbecus Semnopitbecus] Pleist. R. SAs. Elnd. 
lnd. ?U. Mioc. SAs. Procynocephalus U. Plioc. EAs. Elnd. 
Prohylobates [Victoriapithecus] L. Mioc. NAf. Pygathrix 
L. Pleist. R. EAs. R. SAs. Tberopitbecus M. Plioc. R. Af. 
Victoriapithecus L.-M. Mioc. EAf. Oreopithecidae Or- 
eopithecus U. Mioc. Eu. 

superpamily hominoidea Pliopithecidae Dendropithecus 
L.-M. Mioc. EAf. Limnopithecus M. Mioc. EAf. Pliopi- 
thecus [Epipliopithecus Plesiopliopitbecus ] M.-U. Mioc. 



APPENDIX 


633 


Eu. Propliopithecus M. Olig. NAf. Hylobatidae ?Aeolo- 
pithecus Olig. NAf. Hylobates Pleist. R. EInd. R. SEAs. 
Pongidae Dryopitbecus [ Adaetontberium Ankarapitbecus 
Anthropodus Gripbopithecus ?Hylopithecus Indopithe- 
cus Neopithecus Paidopithex Palaeopithicus Paleosimia 
Rbenopitbicus Sugrivapithecus Udabnopitbecus Xeonpi- 
tbecus] L.-M. Mioc. EAs. Mioc. EAf. M.-U. Mioc. Eu. 
Gigantopithecus [ Gigantanthropus ] U. Mioc. M. Pleist. 
EAs. SAs. Proconsul Mioc. EAf. Oligopitbecus L. Olig. 
NAf. Pongo [Simla] L. Pleist. SAs. Pleist. R. EInd. Si- 
vapithecus \Bramapithecus fKenyapithecus Ramapithe- 
cus\ M.-U. Mioc. Eu. SAs. Ind. EAs. EAf. Hominidae 
Australopithecus [Hetnantbropus i Megan tbropus Paran- 
tbropus Plesiantbropus Zinjanthropus] ?M. Plioc. L. 
Pleist. SAf. EAf. Homo [Atlanthropus Cypbantbropus 
Hipponantbropus Palaeanthropus Pithecanthropus Pro- 
tantbropus Sinanthropus Telanthropus ] Pleist. R. Eu. Af. 
As. Aus. NA. 

ORDER CREODONTA 

suborder hyafnodontia Hyaenodontidae Alienetherium 
M. Eoc. Eu. Allopterodon M. Eoc. Eu. Anasinopa L. Mioc. 
Af. Apataelurus U. Eoc. NA. Apterodon L. Olig. L. Mioc. 
Af. L. Olig. Eu. ?As. Arfia L. Eoc. NA. Consobrinus E. 
Olig. Eu. Cynohyaenodon [?Pseudosinopa\ M.-U. Eoc. Eu. 
Dissopsalis L. Mioc. Af. M.-U. Mioc. SAs. Francotherium 

L. Eoc. Eu. Hemipsalodon L. Olig. NA. Hessolestes U. 
Eoc. NA. Hyaenodon [Neohyaenodon Pseudopterodon 
Taxotberium ] U. Eoc. M. Olig. Eu. NA. Olig. L. Mioc. 
NAf. U. Eoc. U. Olig. As. Hyaenodontipus U. Eoc. Eu. 
Hyainailourus \Hyaenaelurus] L. Mioc. Eu. NAf. L.-M. 
Mioc. As. Isohyaenodon L. Mioc. Af. Leakitberium L. 
Mioc. EAf. Limnocyon [ Telmatocyon ] M.-U. Eoc. NA. 
Machaeroides M. Eoc. NA. Masrasector Olig. NAf. Meg- 
istotherium L. Mioc. NAf. Metapterodon L. Mioc. Af. 
Metasinopa U. Eoc. Eu. L. Olig. NAf. Oxyaenodon U. 
Eoc. NA. Oxyaenoides M. Eoc. Eu. Paenoxyaenoides L. 
Olig. Eu. Paracynobyaenodon U. Eoc. Eu. EAs. Parapter- 
odon U. Eoc. Eu. Paratritemnodon M. Eoc. SAs. Parox- 
yaena U. Eoc. Eu. Praecodens M. Eoc. Eu. Prodissopsalis 

M. Eoc. Eu. Prolaena U. Eoc. EAs. Prolimnocyon M. Pa- 
leoc. L. Eoc. NA. Propterodon M. Eoc. Eu. U. Eoc. As. 
Prototomus \ Prolimnocyon] L. Eoc. NA. L.-U. Eoc. Eu. 
Proviverra [Geiselotherium Leonbardtina Prorhyzaena ] L.- 
M. Eoc. Eu. M. Eoc. NA. Proviverroides M. Eoc. NA. 
Pterodon U. Eoc. As. NA. U. Eoc. L. Olig. L. Mioc. NAf. 
Quercytherium U. Eoc. Eu. Schizopbagus U. Eoc. Eu. 
Sinopa [Stypolopbus flrtacodonl ?U. Eoc. As. Sivaptero- 
don M. Mioc. As. Teratodon L. Mioc. Af. Tbereutherium 
M. Olig. Eu. Thinocyon [Entomodon] M. Eoc. NA. ?EAs. 
Tritemnodon ?L. Eoc. Eu. L.-M. Eoc. NA. ?U. Eoc. EAs. 
Oxyaenidae Ambloctonus [ Amblyctonus ] L. Eoc. NA. 
Dipsalidictides L. Eoc. NA. Dipsalodon U. Paleoc. NA. 
Galethylax U. Eoc. Eu. Oxyaena [Dipsalidictis Argilloth- 
erium } U. Paleoc. L. Eoc. NA. L. Eoc. EAs. Palaeonictis U. 
Paleoc. L. Eoc. NA. L. Eoc. Eu. Patriofelis [Aelurotber- 
ium Limnofelis Oreocyon] L.-M. Eoc. NA. Sarkastodon U. 
Eoc. EAs. Tytthaena U. Paleoc. NA. 

ORDER carnivora 

supf.rfamily miacoidea Miacidae Eostictis U. Eoc. NA. 
Miacis [Mimocyon Xinyuictis] L.-U. Eoc. NA. Eu. U. 


Eoc. As. Oodectes L.-M. Eoc. NA. Palaearctonyx M. 
Eoc. NA. Pappictidops M. Paleoc. EAs. Paroodectes M. 
Eoc. Eu. Plesiomiacis [ Pleurocyon ] U. Eoc. NA. Procy- 
nodictis U. Eoc. NA. Prodaphaenus U. Eoc. NA. Si- 
mamphicyon U. Eoc. Eu. Tapocyon U. Eoc. NA. Uinta- 
cyon L.-U. Eoc. NA. ?L. Eoc. ?Eu. Vassacyon L. Eoc. 
NA. Vulpavus L.-M. Eoc. NA. Viverravidae Didymictis 
M. Paleoc. L. Eoc. NA. L. Eoc. Eu. Ictidopappus M. 
Paleoc. NA. Protictis M.-U. Paleoc. NA. Quercygale M.- 
U. Eoc. Eu. Viverravus U. Paleoc. U. Eoc. NA. ?U. Eoc. 
Eu. ?L. Olig. As. 

superfamily aeluroidf.a (FELOiDEA) Viverridae R. Eu. As. 
Af. Anictis L. Olig. Eu. Atilax Crossarchus Pleist. R. Af. 
Civettictis ?U. Mioc. U. Plioc. L. Pleist. R. Af. Gynictis 
Pleist. R. Af. Genetta M. Mioc. R. Af. R. WAs. Eu. 
Helogale U. Plioc. U. Pleist. R. Af. Herpestes [Calogale] 
L. Mioc. R. Eu. L. Plioc. R. As. Af. Herpestides L.-M. 
Mioc. Eu. Kichechia L. Mioc. Af. Macrogalidia Pleist. R. 
EInd. Mungos Pleist. R. Af. Paleoprionodon L.-M. Olig. 
Eu. M. Olig. As. Progenetta [ Miohyaena ] L.-U. Mioc. Eu. 
U. Mioc. As. Pseudocivetta U. Plioc. L. Pleist. Af. Se- 
migenetta L.-U. Mioc. Eu. M. Mioc. EAs. Stenoplesictis 
L.-U. Olig. Eu. Suricata Pleist. R. Af. Tungurictis U. 
Mioc. EAs. Visbnuictis U. Mioc. M. Plioc. L. Pleist. As. 
Viverra [ Anictis 1 M. Mioc. R. Eu. L. Plioc. R. As. Pleist. 
R. EInd. Af. fViverricula U. Pleist. R. EAs. Hyaenidae 
Adcrocuta U. Mioc. Eu. As. Allobyaena \Dinocrocuta 
Xenohyaena] U. Mioc. Eu. Chasmaporthetes [Ailurena\ 
U. Plioc. L. Pleist. NA. Af. Plioc. Eu. U. Plioc. SWAs. 
Hyaena [ Plesiocrocuta ] L. Plioc. Pleist. Eu. L. Plioc. R. 
As. L. Plioc. R. Af. Hyaenictis M.-?U. Mioc. L. Plioc. 
Eu. L. Pleist. As. L. Plioc. Af. Ictitherium [Galeother- 
ium Hyaenalopex Palhyaena Thalassictis) M. Mioc. L. 
Plioc. Eu. As. M. Mioc. NAf. Leecyaena L. Pleist. EAs. 
Pleist. SAf. Lycyaena U. Mioc. L. Plioc. Eu. M.-U. Mioc. 
As. Miohyaena M. Mioc. As. Pacbycrocuta U. Mioc. L. 
Pleist. As. U. Mioc. U. Plioc. Eu. U. Plioc. Af. Palin- 
byaena U. Mioc. As. Percrocuta M.-U. Mioc. As. U. 
Mioc. Eu. Af. Plioviverrops L.-U. Mioc. Eu. Protictith- 
erium M.-U. Mioc. SWAs. Thalassictis U. Mioc. Eu. 
Felidae Acinonyx \Cynaelurus Schaubia] U. Plioc. U. 
Pleist. Eu. As. U. Plioc. R. Af. Pleist. NA. Adelpbailu- 
rus U. Mioc. or L. Plioc. NA. Aelurogale [Ailurictis 1c- 
tidailurus Nimraviscus ] L. Olig. EAs. U. Eoc, M. Olig. 
Eu. Aeluropsis U. Mioc. As. Afrosmilus L. Mioc. Af. 
Barbourofelis U. Mioc. NA. Dinaelurus L. Mioc. NA. 
Dinictis L. Olig. L. Mioc. NA. Dinobastis Pleist. Eu. As. 
NA. Dinofelis U. Mioc. U. Plioc. As. L. Plioc. Eu. L. 
Plioc. L. Pleist. Af. U. Plioc. NA. Eofelis L.-M. Olig. Eu. 
Epimachairodus U. Mioc. EAs. ?U. Mioc. U. Plioc. Eu. 
Eusmilus [ Paraeusmilus ] U. Eoc. EAs. U. Eoc. L. Olig. 
Eu. U. Eoc. U. Olig. NA. Felis [Leptailurus Lynx Neo- 
felis Panthera Printinofelis ] U. Mioc. R. Eu. As. NA. M. 
Mioc. R. Af. Pleist. R. EInd. SA. Homotherium [Epi- 
machairodus] U. Plioc. As. EInd. Eu. Af. NA. Hoplo- 
pboneus L. Olig. As. L.-IT. Olig. NA. Lynx L. Plioc. U. 
Pleist. R. Eu. Af. U. Plioc. U. Pleist. R. NA. As. Ma- 
cbairodus [Heterofelis Tberailurus] U. Mioc. L. Plioc. Eu. 
L. Plioc. NA. As. L. Plioc. U. Pleist. Af. Megantereon 
[Toscanius] U. Mioc. U. Plioc. As. L. Pleist. Eu. U. Pleist. 
Af. EInd. Mellivorodon U. Mioc. As. Metailurus M.-U. 
Mioc. As. U. Mioc. Eu. Miomachairodus U. Mioc. 
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SWAs. Nimravides U. Mioc. L. Plioc. NA. Nimravus 
[ Nimravinus ] U. Olig. L. Mioc. NA. L.-M. Olig. Eu. M. 
Olig. L. Mioc. As. Paramachairodus [Propontosmilus 
Simsmilus ] L. Plioc. Eu. L.-U. Plioc. As. Pratifelis U. 
Mioc. NA. Proailurus [Brachictis Stenogale] L. Olig. L. 
Mioc. Eu. M. Olig. As. Propontosmilus U. Mioc. L. 
Plioc. As. Prosansanosmilus L. Mioc. Eu. Pseudaelurus 
[Ailuromachairodus Metailurus Sansanailurus Schizailu- 
rus\ L. Mioc. Af. L. Mioc. L. Plioc. Eu. NA. L. Mioc. 
U. Mioc. As. M. Mioc. EAs. Quercyailurus L. Olig. Eu. 
Sansanosmilus [Albanosmilus Grivasmilus] M. Mioc. Eu. 
M. Mioc. As. ?U. Mioc. NA. Sivaelurus M. Mioc. As. 
Sivafelis U. Plioc. As. Sivasmilus M. Mioc. As. Smilo- 
don [ Smilodontopsis Trucifelis] Pleist. SA. NA. Smilo- 
dontidion L. Pleist. SA. Syrtosmilus L. Mioc. NAf. Vi- 
nayakia M.-U. Mioc. As. Viretailurus U. Plioc. Eu. 
Visbnufelis M. Mioc. As. 

superfamily arctoidf.a (CANOiDEA) Mustelidae Aeluro- 
cyon L. Mioc. NA. Ailurictis M. Mioc. Eu. Amphictis U. 
Olig. L. Mioc. NA. Anatolictis M. Mioc. Eu. Aonyx ?U. 
Mioc. As. Pleist. R. Af. Eu. Arctomeles U. Plioc. Eu. 
Arctonyx PPleist. R. As. Baranogale U. Mioc. U. Plioc. 
Eu. Beckia U. Mioc. NA. Brachyprotoma L.-U. Pleist. 
NA. Brachypsalis L.-U. Mioc. NA. Brachypsaloides U. 
Mioc. NA. Brachypsigale L.-M. Plioc. NA. Buisnictis L.- 
U. Plioc. NA. Canimartes L. Pleist. NA. Cernictis U. 
Mioc. NA. Circamustela U. Mioc. Eu. Conepatus U. 
Plioc. R. SA. Pleist. R. NA. Craterogale U. Mioc. NA. 
Dinogale L. Mioc. NA. Enhydra L. Pleist. Eu. Pleist. NA. 
R. NPac. Enhydrictis [ Pannonictis } L. Plioc. EAs. U. 
Plioc. Pleist. Eu. Enhydriodon M. Mioc. ?U. Plioc. Eu. 
M. Plioc. Af. U. Mioc. L. Pleist. As. Enhydritherium U. 
Mioc. L. Plioc. NA. Eomellivora [ Sivamellivora ] U. Mioc. 
Eu. As. NA. Ferinestrix M.-U. Plioc. NA. Galictis Pleist. 
R. SA. Gulo Pleist. R. Eu. NA. As. Hadrictis Hydrictis 
U. Mioc. Eu. Ictonyx U. Pleist. R. Af. lschyrictis L.-U. 
Mioc. Eu. M. Mioc. SWAs. Laphyctis [ lschyrictis ] ?L. 
Mioc. Eu. Leptarctus L. Mioc. L. Plioc. NA. U. Mioc. 
EAs. Limnonyx M. Mioc. Eu. Lutra [Basarabictis Plesi- 
olatax ] U. Mioc. R. Eu. Pleist. R. As. SA. NAf. NA. 
Lutravus U. Mioc. L. Plioc. NA. Lyncodon Pleist. R. SA. 
Marcetia U. Mioc. Eu. Martes \“ Hydrocyon” fPara- 
martes Sansanictis] M. Mioc. R. Eu. As. NA. Martino- 
gale U. Mioc. L. Plioc. NA. Megalictis L. Mioc. NA. 
Meles [ Heterictis hanictis ] L. Plioc. R. As. L. Pleist. R. 
Eu. Mellalictis M. Mioc. Af. Mellidelavus M. Mioc. Af. 
Mellivora [ Ursitaxus ] U. Plioc. As. L. Plioc. R. Af. 
Melodon ?U. Mioc. L. Plioc. As. Mephitis M. Plioc. R. 
NA. Mephititaxus L. Mioc. NA. Mesomephitis U. Mioc. 
Eu. Miomephitis L. Mioc. Eu. Miomustela L.-U. Mioc. 
NA. Mionictis M. Mioc. Eu. SWAs. M.-U, Mioc. NA. 
Mustela [Paratanuki Putorius] U. Mioc. R. Eu. NA. L. 
Plioc. R. As. Pleist. R. SA. Af. Mustelictis L. Olig. Eu. 
O ligobunis ?L. Mioc. NA. Osmotherium [Pelycictis] 
Pleist. NA. Palaeogale [Btmaelurus] L. Olig. L. Mioc. Eu. 
NA. M. Olig. As. Palaemeles Paralutra M. Mioc. Eu. 
Pannonictis L.-U. Plioc. Eu. U. Plioc. SWAs. Paragale L. 
Mioc. Eu. Parataxidea L. Plioc. Eu. As. Paroligobunis L. 
Mioc. NA. Perunium U. Mioc. Eu. Plesiogale L. Mioc. 
Eu. Plesiogulo U. Mioc. SWAs. Eu. L. Plioc. As. NA. 
Plesiomeles M. Mioc. Eu. Pliogale L. Plioc. NA. Plion- 


ictis M.-U. Mioc. NA. Pliotaxidea U. Mioc. L. Plioc. 
NA. Potamotherium U. Olig. L. Mioc. Eu. L.-U. Mioc. 
NA. Presictis M. Mioc. Eu. Promartes L. Mioc. NA. 
Promeles [?Polgardia\ L. Plioc. Eu. As. Promellivora U. 
Mioc. As. Promephitis [fNannomephitis] U. Mioc. L. 
Plioc. Eu. M.-U. Mioc. SWAs. Proputorius L. Mioc. Eu. 
M. Mioc. SWAs. L. Plioc. As. Protarctosi L. Plioc. Eu. 
Sabadellictis L. Plioc. Eu. Satherium M.-U. Plioc. NA. 
Sinictis L. Plioc. Pleist. As. L. Plioc. Eu. Sivalictis M. 
Mioc. Eu. As. Sivaonyx U. Mioc. Eu. U. Mioc. L. Plioc. 
As. L. Plioc. NAf. Sminthosinus M.-U. Plioc. NA. Spil- 
ogale U. Plioc. R. NA. Stenogale Olig. Eu. Sthenictis M. 
Mioc. L. Plioc. NA. Stipanicicia L. Pleist. SA. Taxidea 
U. Mioc. R. NA. Taxodon M. Mioc. Eu. Tisisthenes L. 
Pleist. NA. Trigonictis Plioc. L. Pleist. NA. Trocharion 
M. Mioc. Eu. Trochictis M. Mioc. SWAs. M. Mioc. L. 
Plioc. Eu. U. Mioc. As. Trochotherium M. Mioc. Eu. 
Vishnuonyx M. Mioc. As. Vormela U. Plioc. R. As. 
Plioc. R. Eu. Xenictis L.-U. Plioc. Eu. Phocidae Acro- 
phoca Pisciphoca L. Plioc. SA. Callophoca U. Mioc. Eu. 
Gryphoca U. Mioc. Eu. Leptophoca M. Mioc. NA. 
Monotherium U. Mioc. Eu. Palaeophoca U. Mioc. Eu. 
Phoca [ Monachopsis fPontophoca tPraepusa) M. Mioc. 
R. Eu. NA. Plioc. R. NAs. NAtl. NPac. Phocanella 
Platyphoca U. Mioc. Eu. Prophoca U. Mioc. Eu. Cani- 
dae Aelurodon M, Mioc. U. Mioc. NA. Aletocyon L. 
Mioc. NA. Alopex [fXenalopex] Pleist. R. Eu. NA. 
Bassariscops L.-M. Mioc. NA. Borocyon L. Mioc. NA. 
Borophagus [ Hyaenognatbus ] U. Mioc. Pleist. NA. Canis 
[ Aenocyon Dinocynops Theriodictis Thos] L. Plioc. R. 
Eu. As. NA. Aus. U. Plioc. R. Af. Pleist. SA. Carpo- 
cyon M.-U. Mioc. NA. Cerdocyon Pleist. SA. Chaili- 
cyon U. Eoc. As. Cuon [Crassicuon Cyon Semicuon 
Sinocuon Xenocyon ] L. Pleist. Eu. U. Pleist. NA. Pleist. 
R. As. R. EInd. Cynarctoides U. Olig. L. Mioc. NA. 
Cynarctus M.-U. Mioc. NA. Cynodesmus U. Olig. L. 
Mioc. NA. Dusicyon Pleist. R. SA. Epicyon M.-U. Mioc. 
NA. Fennecus U. Pleist. R. Af. Gobicyon U. Mioc. As. 
Eu. Hesperocyon [ Pseudocynodictis ] L. Olig. L. Mioc. 
NA. Leptocyon M.-U. Mioc. NA. Lycaon Pleist. R. Af. 
Mesocyon ?L.-U. Olig. L. Mioc. NA. Neocynodesmus L. 
Mioc. NA. Nothocyon U. Olig. L. Mioc. NA. Nycter- 
eutes U. Plioc. R. As. L. Plioc. Eu. Osteoborus U. Mioc. 

L. Plioc. NA. Otocyon [ Prototocyon ] Pleist. R. Af. Pa- 
chycynodon M. Olig. Eu. ?L. Eoc. L. Olig. EAs. Philo- 
trox L. Mioc. NA. Phlaocyon L.-M. Mioc. NA. Proto- 
cyon [Palaeocyon Palaeospeothos] Pleist. SA. NA. 
Proturocyon U. Mioc. NA. Strobodon U. Mioc. NA. 
Sunkahetanka U. Olig. L. Mioc. NA. Theriodictis M. 
Pleist. SA. Tomarctus L. Mioc. L. Plioc. NA. Urocyon 
U. Plioc. R. NA. R. SA. Vulpes ?U. Mioc. L. Plioc. R. 
NA. U. Plioc. R. Eu. Af. Plioc. R. As. Procyonidae 
Bassariscus U. Mioc. R. NA. Brachnasua Pleist. SA. 
Chapalmalania U. Plioc. SA. Cyonasua [Amphinasua 
i'Chapalmalania Pacynasua] U. Mioc. U. Plioc. SA. 
Edaphocyon M. Mioc. NA. Nasua Pleist. R. SA. R. CA. 

M. -U. Plioc. NA. Parailurus L.-U. Plioc. Eu. L. Plioc. 
NA. Plesictis f Mustelavus ] L. Olig. L. Mioc. Eu. NA. U. 
Olig. As. Procyon U. Mioc. R. NA. Pleist. R. SA. Siv- 
anasua [ Ailuravus Schlossericyon] L.-U. Mioc. Eu. M.-U. 
Mioc. As. Zodiolestes L. Mioc. NA. Amphicyonidae 
Afrocyon L. Mioc. NAf. As. Agnotherium \Tomocyon ] 
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L. Mioc. L. Plioc. Eu. Ampbicyanis L. Olig. Eu. Am- 
pbicyon [Ampbicyonops Ictiocyon ] M. Olig. L. Plioc. Eu. 
L.-U. Mioc. NA. ?M. Olig. M. Mioc. As. Arctampbi- 
cyon U. Mioc. As. Brachycyon L. Olig. Eu. Cynelos L. 
Olig. L. Mioc. Eu. L. Mioc. NA. Cynodictis U. Eoc. ?M. 
Olig. EAs. U. Eoc. L. Olig. Eu. Daphoenictis L. Olig. 
NA. Daphoenocyon L. Olig. NA. Daphoenodon L. Mioc. 
NA. Daphoenus L. Olig. L. Mioc. NA. Euoplocyon M. 
Mioc. NA. Goupihctis U. Olig. Eu. Hadrocyon U. Mioc. 
NA. Haplocyon L. Olig. L. Mioc. Eu. Haplocyonoides 
L. Mioc. Eu. Haplocyonopsts U. Olig. L. Eoc. Eu. Har- 
pagophagus L.-M. Olig. Eu. Hebucides L. Mioc. Af. Is- 
cbyrocyon M.-U. Mioc. NA. Mammacyon L. Mioc. NA. 
Paradapboenus L. Mioc. NA. Pericyon U. Olig. L. Mioc. 
NA. Pliocyon U. Mioc. NA. Proamphicyon L.-M. Olig. 
NA. Protemnocyon M. Olig. NA. Pseudampbicyon L.-M. 
Olig. Eu. Pseudarctos M.-U. Mioc. Eu. Pseudocyon U. 
Olig. M. Mioc. Eu. M.-U. Mioc. NA. Pseudocyonopsis 
U. Eoc. L. Mioc. Eu. Sarcocyon L.-M. Olig. Eu. Sym- 
plectocyon L. Olig. Eu. Temnocyon U. Olig. L. Mioc. 
NA. Vishnucyon M. Mioc. As. Ysengrinia U. Olig. L. 
Mioc. Eu. L. Mioc. ?NA. Ursidae Absortodapboenus L. 
Mioc. NA. Adelpharctos M. Olig. Eu. Agriotberium 
| Agriarctos Hyaenarctos Lydekkerion ] ?U. Mioc. L. Plioc. 
Pleist. Eu. U. Mioc. L. Plioc. NA. U. Plioc. Pleist. As. U. 
Mioc. L. Plioc. Af. Ailuropoda [ Aelureidopus Ailuropus] 
U. Pleist. R. As. Allocyon U. Olig. L. Mioc. NA. Alo- 
pecocyon [Alopecodon fGalecymis Viretius] M. Mioc. Eu. 
Amphicticeps L.-U. Olig. EAs. Amphicynodon [ Cynodon 
Paracynodon Plesiocyon] L.-M. Olig. Eu. As. L. Mioc. 
NA. Arctodus [Arctoidotberium Arctotberium Dinarc- 
totberium Pararctotherium Proarctotberium Pseudarc- 
totberium Tremarctotberium ] ?U. Plioc. Pleist. SA. Pleist. 
NA. Broiliana L. Mioc. Eu. Campylocynodon L. Olig. 
NA. Cepbalogale M. Olig. L. Mioc. Eu. ?U. Eoc. L. 
Mioc. As. L. Mioc. NA. Dinocyon M.-U. Mioc. Eu. U. 
Mioc. As. Enhydrocyon U. Olig. L. Mioc. NA. Harpa- 
leocyon M. Mioc. Eu. Helarctos U. Mioc. Eu. Pleist. R. 
As. Hemicyon [Harpaleocyon Phoberocyon Plithocyon ] 
L.-U. Mioc. Eu. U. Mioc. As. L.-M. Mioc. NA. Indarc- 
tos U. Mioc. Eu. As. NA. Melursus Pleist. R. SA. ?As. 
Pararctotherium U. Pleist. SA. Parictis L. Olig. L. Mioc. 
NA. Phoberocyon L. Mioc. Eu. Plionarctos L. Plioc. NA. 
Plithocyon L.-M. Mioc. Eu. M. Mioc. SWAs. U. Mioc. 
NA. f 'Selenarctos U. Pleist. EAs. Simocyon [Araeocyon 
Metarctos ] U. Mioc. L. Plioc. Eu. L. Plioc. NA. Strom- 
eriella L. Mioc. Eu. Thaumastocyon M. Mioc. Eu. Tre- 
marctos Pleist. NA. CA. R. SA. JJrsavus M. Mioc. 
SWAs. EAs. NA. Ursulus U. Plioc. Eu. Ursus [Euarctos 
Selenarctos Thalarctos ] L. Plioc. R. Eu. NA. Pleist. NAf. 
Pleist. R. As. ? Metarctos L. Mioc. As. 

superfamily otarioidea Enaliarctidac Enaliarctos Pin- 
narctidion L. Mioc. NA. Kamtschatarctos M. Mioc. NAs. 
Desmatophocidae Allodesmus L. Mioc. NA. M. Mioc. 
EAs. Desmatophoca L. Mioc. NA. Otariidae Arctoce- 
phalus Pleist. SAf. R. SOc. Callorhinus Plioc. R. Pac. 
Eumetopias Plioc. R. NA. SA. Pitbanotaria M.-U. Mioc. 
NA. Thalassoleon U. Mioc. Plioc. NA. Odobenidae 
Alacbtherium Plioc. Eu. Aivukus U. Mioc. Eu. NA. Du- 
signatbus U. Mioc. NA. Imagotaria M.-U. Mioc. NA. 
Neotberium M. Mioc. NA. Odobenus Plioc. Pleist. Eu. 


Pleist. R. NAtl. NPac. Pliopedia U. Mioc. NA. Pontolis 
U. Mioc. NA. Prorosmarus U. Mioc. NA. Valenictis L. 
Plioc. NA. 

carnivora inckrtae sedis Adracon L. Olig. Eu. Kolpono- 
mus L. Mioc. NA. 

ordf.r anagalida Anagalidae Anagale L. Olig. EAs. Anagal- 
opsis ?L. Olig. EAs. Anaptogale M. Paleoc. EAs. Chian- 
sbania M. Paleoc. As. Diacronus M. Paleoc. EAs. Hsiuan- 
nama U. Paleoc. EAs. Huaiyangale M.-U. Paleoc. 
EAs. Kasbanagale U. Paleoc. As. Linnania Stenanagale 
Wangogale M. Paleoc. EAs. Pseudictopidae Allictops U. Pa- 
leoc. EAs. Anictops M. Paleoc. EAs. Cartictops M. Paleoc. 
EAs. Halictops U. Paleoc. As. Paranictops U. Paleoc. L. Eoc. 
EAs. Eurymylidae Eurymylus U. Paleoc. EAs. Heomys M.-U. 
Paleoc. EAs. Matutinia Rbombomylus L. Eoc. EAs. Mimo- 
tonidae Gompbos U. Paleoc. EAs. Hypsimylus U. Eoc. EAs. 
Mimolagus ?L. Olig. EAs. Mimotona M.-U. Paleoc. EAs. 
Family incertae sedis Ancbilestes M. Paleoc. EAs. Ardynictis 
L. Olig. EAs. Praolestes U. Paleoc. As. L. Eoc. NA. 

ORDER RODENTIA 

SUBORDER SCIUROGNATHI 

INFRAORDER PROTROGOMORPHA 

superfamily iso iyromyoidea Paramyidae Ailuravus 
[Megacbiromyoides] L.-U. Eoc. Eu. Decticadapis L. Eoc. 
Eu. Eranimys U. Paleoc. L. Eoc. NA. Ischyrotomus M. 
Eoc. L. Olig. NA. Leptotomus L. Eoc. L. Olig. NA. 
Lopbiparamys L.-U. Eoc. NA. Manitsba U. Eoc. L. Olig. 
NA. ?Masillamys M.-U. Eoc. Eu. Microparamys L. Eoc. 
Eu. U. Paleoc. L. Olig. NA. Myronomys U. Eoc. L. Olig. 
NA. Paramys U. Paleoc. M. Eoc. NA. L.-M. Eoc. Eu. 
Pseudotomus L.-M. Eoc. NA. Rapamys U. Eoc. NA. 
Reithroparomys Tbisbemys L.-U. Eoc. NA. Sciuravidae 
Knightomys L. Eoc. NA. Pauromys M. Eoc. NA. Sci- 
uravus L.-U. Eoc. NA. U. Eoc. EAs. Taxymys M.-U. Eoc. 
NA. Tillomys M. Eoc. NA. Cylindrodontidae Ardyno- 
mys L. Olig. EAs. NA. M. Olig. CAs. Cyclomylus M.-U. 
Olig. As. Cylindrodon L. Olig. NA. Dawsonemys L. Eoc. 
NA. Jaywilsonomys L. Olig. NA. Mysops L.-U. Eoc. NA. 
Pareumys Presbymys U. Eoc. NA. Pseudocylindrodon U. 
Eoc. L. Olig. NA. M.-U. Olig. EAs. Sespemys U. Olig. 
NA. Protoptychidae Protoptychus M.-U. Eoc. NA. Is- 
chyromyidae Hulgana L. Olig. EAs. Ischyromys ?U. Eoc. 
Olig. NA. Plesiarctomys M.-U. Eoc. Eu. Titanotherio- 
mys L. Olig. NA. 

ischyromyoidea incf.rtae sedis Floresomys L. Olig. NA. 
Meldimys L. Eoc. Eu. Metkamys M. Eoc. SAs. Paraci- 
tellus U. Olig. L. Mioc. Eu. P seudoparamys L. Eoc. Eu. 

supfrfamily APLODONTOIDEA Aplodontidae Allomys U. 
Olig. L. Mioc. NA. Ameniscomys M. Mioc. Eu. Aplo- 
dontia Pleist. R. NA. Cedromus L.-M. Olig. NA. Cruci- 
mys L. Mioc. NA. Downsimus U. Olig. NA. Eobaplo- 
mys U. Eoc. NA. Haplomys U. Olig. L. Mioc. NA. 
Liodontia M.-U. Mioc. NA. Meniscomys L. Mioc. NA. 
Niglarodon U. Olig. L. Mioc. NA. Oligopetes L. Olig. 
Eu. Pelycomys L.-M. Olig. NA. Pipestoneomys L. Olig. 
NA. Pletsispertnopbilus L.-U. Olig. Eu. U. Olig. CAs. ?L. 
Olig. NA. Prosciurus L. Olig. L. Mioc. NA. Pseudaplo- 
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don L. Plioc. As. NA. Sciurodon L. Olig. M. Mioc. Eu. 
Selenomys U. Olig. EAs. Spurimus U. Eoc. L. Olig. NA. 
Tardontia M. Mioc. L. Plioc. NA. Trigonomys L. Olig. 
Eu. Wellelodon L. Mioc. NA, Mylagaulidac Epigaulus U. 
Mioc. NA. Mesogaulus L.-U. Mioc. NA. Mylagaulodon 
L. Mioc. NA. Mylagaulus L. Mioc. L. Plioc. NA. Pro- 
mylagaulus L. Mioc. NA, 

INFRAORDER SCIUROMORPHA 

superfamily sciuroidea Sciuridae Albanensia Mioc. Eu. 
Aliveria L. Mioc. Eu. Ammospermophilus U. Mioc. R. 
NA. Atlantoxerus Mioc. L. Plioc. Eu. M. Mioc. SWAs. 
R. NAf. Blackia L. Mioc. L. Plioc. Eu. L. Mioc. NA. 
Cryptopterus L. Plioc. Eu. M.-U. Plioc. NA. Cynomys L. 
Plioc. R. NA. R. As. Eutamias U. Mioc. R. As. NA. L. 
Plioc. R. Eu. Forsythia M. Mioc. Eu. Getuloxerus U. 
Mioc. NAf. Glaucomys Pleist. R. NA. Heteroxerus L. 
Olig. U. Mioc. Eu. Miopetaurista L.-U. Mioc. Eu. 
Miosciurus L. Mioc. NA. Miospermopbilus L.-M. Mioc. 
NA. Paenemarmota U. Mioc. L. Pleist. NA. Palaearcto- 
mys L.-U. Mioc. NA. Palaeosciurus L. Olig. L. Mioc. Eu. 
Petaurista U. Pleist. R. As. EInd. Petauristodon M.-U. 
Mioc. NA. Petinomys? L. Plioc. Eu. Pliopetaurista U. 
Mioc. L. Plioc. Eu. Pliopetes U. Mioc. U. Plioc. Eu. 
Pliosciuropterus L.-U. Plioc. Eu. Protosciurus U. Olig. L. 
Mioc. NA. Protospermophilus L.-U. Mioc. NA. Ratufa 
L. Mioc. Eu. ?L. Mioc. Pleist. R. EInd. R. SAs. ?Sciu- 
ropterus U. Plioc. Eu. Sciurotamias Pleist. R. As. Sciu- 
rus L. Olig. R. Eu. L. Pleist. R. NA. Pleist. R. As. SA. 
R. NAf. Similisciurus L. Mioc. NA. Spermophilinus L. 
Mioc. L. Plioc. Eu. Spermopbilus M. Mioc. R. NA. U. 
Plioc. R. Eu. Pleist. R. As. Tamias [ Neotamias ] L. Mioc. 
Eu. L. Mioc. R. NA. Pleist. EAs. Tamiasciurus Pleist. R. 
NA. Vulcanisciurus L. Mioc. Af. Xerus PMioc. Eu. Pleist. 
R. Af. 

infraorder castorimorpha Castoridae Agnotocastor U. 
Eoc. L. Olig. NA. M. Olig. As. Anchitheriomys [Am- 
blycastos] L.-U. Mioc. NA. M. Mioc. Eu. As. Boreofi- 
ber L. Plioc. Eu. Capacikala Capatanka L. Mioc. NA. 
Castor L. Plioc. R. NA. Eu. As. Castoroides U. Plioc. 
Pleist. NA. Chalicomys U. Mioc. As. Dipoides U. Mioc. 
L. Plioc. Eu. L. Plioc. L. Pleist. NA. U. Mioc. As. Eu- 
castor [Sipmogomphius] U. Mioc. L. Plioc. NA. Plioc. As. 
Eubapsis L. Mioc. NA. Hystricops U. Mioc. NA. Mon- 
osaulax M.-U. Mioc. NA. Mioc. EAs. U. Mioc. Eu. Pa- 
laeocastor U. Olig. WAs. Mioc. NA. Palaeomys [Chali- 
comys] U. Mioc. L. Plioc. Eu. Paradipoides Pleist. NA. 
Procastoroides M. Plioc. L. Pleist. NA. Propalaeocastor 
L. Olig. L. Mioc. As. Romanocastor U. Plioc. Eu. Sino- 
castor Plioc. L. Pleist. EAs. Steneofiber [ Steneotherium ] 
L. Olig. L. Plioc. Eu. U. Olig. As. Trogontherium 
[' Conodontes ] M. Mioc. U. Pleist. Eu. Pleist. As. Youn- 
gifiber M. Mioc. As. Z amolxifiber U. Plioc. Eu. Euty- 
pomyidae Eutypomys L. Olig. L. Mioc. NA. Janimus U. 
Eoc. NA. 

INFRAORDER unnamed 

superfamily GLIROIDEA Gliridae (Myoxidae) Armanto- 
mys L.-M. Mioc. Eu. Branssatoglis U. Olig. M. Mioc. 
Eu. Dryomimus L. Plioc. Eu. Dryomys [Dyromys] U. 
Pleist. R. Eu. M. Mioc. Af. R. As. Eliomys Mioc. R. Eu. 
Eogliravus L.-M. Eoc. Eu. Eomuscardinns M. Mioc. Eu. 


Gliravus U. Eoc. U. Olig. Eu. Glirudinus M. Olig. M. 
Mioc. Eu. Glirulus U. Mioc. U. Plioc. Eu. R. As, Glis 
\Myoxus ] L. Mioc. R. Eu. R. WAs. Grapbiurops U. 
Mioc. Eu. Heteromyoxus L.-M. Mioc. Eu. Hyponomys 
L. Plioc. U. Pleist. Eu. Leithia Pleist. Eu. Malta Micro- 
dyromys L.-U. Mioc. Eu. M. Mioc. SWAs. M. Mioc. 
EAs. Mioglis L. Mioc. Eu. Muscardinus M. Mioc. R. Eu. 
R. WAs. Myoglis M.-U. Mioc. Eu. Myomimus [Dryom- 
imus Philistomys ] L. Mioc. L. Plioc. Eu. U. Mioc. R. As. 
Nievella L. Mioc. Eu. Oligodromys M. Olig. Eu. Par- 
aglirulus Pentaglis M. Mioc. Eu. Peridyromys L. Olig. L. 
Mioc. Eu. Praearmantomys L. Mioc. Eu. Pseudodyro- 
mys L.-M. Mioc. Eu. M. Mioc. SWAs. Tempestia M.-U. 
Mioc. Eu. V asseuromys L.-U. Mioc. Eu. Seleviniidae R. 
As. Plioselevinia L. Plioc. Eu. 

INFRAORDER MYOMORPHA 

superfamily Geomyoidea Eomyidae Adjidaumo [Gym- 
noptycbus ] L. Olig. L. or M. Mioc. NA. Apeomys L. 
Mioc. Eu. Aulolitbomys Centimanomys L. Olig. NA. 
Cupressimus L. Olig. Eu. Eomyops M. Mioc. Eu. Eomys 

L. -U. Olig. Eu. L.-M. Olig. NA. Kansasimys U. Mioc. 
NA. Keramidomys L. Mioc. L. Plioc. Eu. Leptodonto- 
mys M.-U. Mioc. NA. Af. Ligerimys L. Mioc. Eu. Me- 
liakrotmiomys L. Olig. NA. Metadjidaumo L. Olig. NA. 
Namatomys L. Olig. NA. Paradjidaumo Olig. NA. Pro- 
toadjidaumo U. Eoc. NA. Pseudadjidaumo M. Mioc. NA. 
Pseudotheridomys M. Olig. L. Mioc. Eu. L.-M. Mioc. 
NA. Rhodanomys M. Olig. L. Mioc. Eu. Ritteneria L. 
Mioc. Eu. Ronquillomys U. Mioc. NA. Viejadjidaumo L. 
Olig. NA. Yoderimys L. Olig. NA. Florentiamyidae Elo- 
rentiamys U. Olig. L. Mioc. NA. Kirkomys U. Olig. NA. 
Sanctimus U. Olig. L. Mioc. NA. Geomyidae Cratogeo- 
mys L. Plioc. R. NA. Dikkomys L. Mioc. NA. Diplolo- 
phus | Gidleumys \ M. Olig. NA. Entoptychus U. Olig. L. 
Mioc. NA. Geomys [ Nerterogeomys Parageomys] U. 
Mioc. R. NA. Grangerimus U. Olig. L. Mioc. NA. 
Gregorymys L. Mioc. NA. Griphomys U. Eoc. L. Olig. 
NA. Heterogeomys U. Pleist. R. NA. Jimomys L.-M. 
Mioc. NA. Lignimus M.-U. Mioc. NA. Mojavemys M. 
Mioc. NA. Nerterogeomys M. Plioc. L. Pleist. NA. 
Nonomys [Subsumus | L. Olig. NA. Parapliosaccomys M.- 
U. Mioc. NA. Pleurolicus L. Mioc. NA. Pliogeomys U. 
Mioc. U. Plioc. NA. Pliosaccomys U. Mioc. NA. Prodi- 
podomys M. Mioc. L. Pleist. NA. Protbomomys U. 
Mioc. NA. Schizodontomys L. Mioc. NA. Tenudomys 
?U. Olig. L. Mioc. NA. Tbomomys L. Plioc. R. NA. 
Ziamys L. Mioc. NA. Heteromyidae Akmaiomys Aple- 
totomeus M. Olig. NA. Cupidinimus M.-U. Mioc. NA. 

M. Mioc. Eu. Dipodomys U. Mioc. L. Pleist. R. NA. 
Diprionomys M.-U, Mioc. NA. Etadonomys M. Plioc. L. 
Pleist. NA. Heliscomys L. Olig. L. Mioc. NA. Hiton- 
kala L. Mioc. NA. Liomys L. Pleist. R. NA, Mooko- 
mys L.-M. Mioc. NA. Peridiomys M.-U. Mioc. NA. 
Perognatboides U. Mioc. L. Plioc. NA. Perognathus U. 
Mioc. R. NA. Probeteromys L.-U. Mioc. NA. 

superfamily dipodoidea Dipodidae Alactaga U. Plioc. R. 
As. Pleist. R. Eu. R. NAf. Dipus Pleist. R. As. EEu. 
Paralactaga U. Mioc. L. Plioc. EAs. EEu. Smintboides L. 
Pleist. As. Zapodidae Eozapus U. Mioc. Eu. U. Mioc. R. 
As. Heterosminthus M. Mioc. As. Macrognatbornys M. 
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Mioc. L. Plioc. NA. Megasminthus M. Mioc. NA. Na- 
paeozapus Pleist. R. NA. Plesiosminthus [Parasmintbus 
Schaubenemys ] U. Eoc. L. Mioc. As. M. Olig. L. Mioc. 
Eu. U. Olig. U. Mioc. NA. Pliozapus U. Mioc. L. Plioc. 
NA. Proalactaga M. Mioc. As. Protozapus U. Mioc. Eu. 
Sicista U. Plioc. R. Eu. As. Sminthozapus U. Mioc. L. 
Plioc. Eu. Zapus Plioc. R. NA. R. As. Simimyidae Sim- 
imys U. Eoc. L. Olig. NA. 

superfamii.Y MUROIDEA Cricetidae Adelomyarion U. Olig. 
Eu. Afrocricetodon Mioc. Af. Akodon U. Plioc. R. SA. 
Allocricetus U. Plioc. Eu. WAs. Allophaiomys U. Plioc. 
L. Pleist. Eu. Allospalax U. Mioc. Eu. Alticola Pleist. R. 
As. Anomalomys Mioc. Eu. Aralomys Argyromys Olig. 
WAs. Aratomys L. Plioc. As. Arvicola Pleist. R. As. L. 
Plioc. Pleist. R. Eu. Atopomys L.-M. Pleist. NA. Aulis- 
comys M. Plioc. SA. Baiomys L. Plioc. R. NA. Barano- 
mys Plioc. Eu. Bensonomys U. Mioc. Plioc. NA. Blan- 
comys L. Plioc. Eu. Bolomys U. Plioc. R. SA. Byzantinia 
U. Mioc. Eu. Calomys U. Mioc. U. Plioc. NA. R. SA. 
Calomyscus L. Plioc. Eu. R. As. Cimarronomys L. Plioc. 
NA. Clethrionomys [Evotomys] Pleist. R. As. NA. PL.-U. 
Plioc. R. Eu. Coloradoeumys M. Olig. NA. Copemys L. 
Mioc. L. Plioc. NA. M.-U. Mioc. EAs. Cotimus U. Mioc. 
Eu. Cricetinus Pleist. EAs. Cricetodon [Pseudorusciono- 
mys\ U. Eoc. L. Olig. EAs. L.-U. Mioc. Eu. M. Olig, 
NA. U. Mioc. NAf. Cricetops U. Olig. As. Cricetulo- 
don U. Mioc. Eu. Cricetulus L. Plioc. R. As. Pleist. R. 
Eu. Cricetus L. Plioc. R. Eu. PPlioc. L. Pleist. R. As. 
Dakkatrtys M. Mioc. SWAs. Dankomys U. Plioc. SA. 
Democricetodon L.-U. Mioc. Eu. M. Mioc. SWAs. 
IDesmodillus L. Pleist. Af. Discrostonyx Pleist. R. Eu. As. 
R. NA. Dolomys [Pliomys Apistomys ] L.-U. Plioc. R. Eu. 
Ellobius Pleist. R. Eu. As. NAf. Eoemys L.-M. Olig. NA. 
Eolagurus L. Pleist. NAs. F.otbanomys Pleist. R. As. 
E pimeriones L. Plioc. Eu. Eucricetodon U. Eoc. L. Mioc. 
Eu. As. Eumyarion L.-U. Mioc. Eu. Eumys L. Olig. L. 
Mioc. NA. ?U. Olig. As. Eumysodon U. Olig. L. Mioc. 
WAs. Fahlbuschia f Pararuschinomys\ L.-U. Mioc. Eu. 
Galnsbamys U. Mioc. NA. Gerbillus Pleist. R. As. U. 
Plioc. R. Af. ?U. Mioc. Eu. Geringia U. Olig. NA. 
Germanamys L. Plioc. Eu. Graomys U. Plioc. R. SA. 
Heterocricetodon M.-U. Olig. Eu. Holochilius U. Pleist. 
R. SA. Ischymomys U. Mioc. Eu. Ishimomys U. Mioc. 
As. Kanisamys M.-U. Mioc. EAs. Kislangia Lagurodon 
U. Plioc. L. Pleist, Eu. Kowalskia U. Mioc. L. Plioc. Eu. 
Lagurus L. Plioc. Pleist. Eu. Pleist. R. As. U. Pleist. R. 
NA. Lartertomys L. Mioc. Eu. Laugaritiomys L. Pleist. 
Eu. Leakeymys M. Mioc. Af. Leidymys M. Olig. L. 
Mioc. NA. Lemmus [ Myodes J Pleist. R. Eu. As. NA. 
Leukaristomys L. Plioc. Eu. Megacricetodon L.-U. Mioc. 
Eu. M. Mioc. As. Melissiodon L. Olig. M. Mioc. Eu. 
Mesocricetus Pleist. R. As. L. Plioc. R. Eu. Microcrice- 
tus U. Mioc. Eu. Micromys L. Plioc. R. As. Eu. Micro- 
todon L. Plioc. As. U. Plioc. NA. L. Plioc. Eu. Micro- 
toscoptes [Goniodontomys] L. Plioc. As. U. Mioc. NA. 
Microtus [Cbionomys Pedomys Phaiomys] U. Plioc. R. 
Eu. L. Pleist. R. NA. Pleist. R. As. Pleist. R. NAf. Mi- 
montys Cosotnys Cseria L. Plioc. Pleist. Eu. NA. As. 
Miochomys U. Mioc. NA. Myocricetodon U. Mioc. NAf. 
As. Myospalax [Miotalpa Siphneus] U. Plioc. R. As. 
Mystromys Pleist. R. Af. Nebraskomys Plioc. NA. Nec- 


romys Pleist. SA. Neocometes L.-M. Mioc. Eu. Neopber 
L. Pleist. R. NA. Neondatra M.-U. Plioc. NA. Neotoma 
L. Plioc. R. NA. Notocricetodon L. Mioc. Af. Ocbroto- 
mys U. Pleist. R. NA. Ogmodontomys U. Plioc. L. Pleist. 
NA. Ondatra [ Anaptogonia Sycium ] M. Plioc. R. NA. 
Onychomys L. Plioc. R. NA. Oryzomys U. Mioc. R. 
NA. Pleist. R. SA. Paciculus L.-M. Mioc. NA. Palaeo- 
cricetus M. Mioc. Eu. Paracricetodon Olig. Eu. ?L.-U. 
Olig. NA. Paracricetulus M. Mioc. EAs. Paramicrotos- 
coptes U. Mioc. NA. Paratarsomys L. Mioc. Af. Paron- 
ychoniys U. Mioc. NA. Peromyscus [ Haplomylomys ] U. 
Mioc. R. NA. Pbenacomys L. Pleist. R. NA. Pitymys 
Pleist. R. Eu. As. Plesiocricetodon M. Mioc. As. Pli- 
olemmus L. Plioc. L. Pleist. NA. Pliomys L. Plioc. U. 
Pleist. Eu. U. Plioc. SWAs. L. Pleist. NA. Pliophenaco- 
tnys Plioc. Pleist. NA. Pliopotamys M.-U. Plioc. NA. 
Pliospalax U. Mioc. L. Plioc. Eu. Pliotomodon U. Mioc. 
L. Plioc. NA. Poamys U. Mioc. NA. Praesynaptomys U. 
Plioc. Eu. Prediscrostonyx L.-M. Pleist. NA. Promimo- 
mys U. Mioc. NA. L. Plioc. As. U. Plioc. Eu. Proneofi- 
ber L. Pleist. NA. Propliomys L. Plioc. Eu. Proplio- 
phenacomys U. Mioc. NA. Prosiphneus U. Mioc. L. 
Plioc. EAs. Prosomys L. Plioc. Eu. Prospalax U. Mioc. 
L. Pleist. Eu. Protalactaga U. Olig. or L. Mioc. As. 
Protatera L. Plioc. As. Prototomys Pleist. Af. Pseudocri- 
cetodon L. Olig. L. Mioc. Eu. Pseudomeriones U. Mioc. 
L. Plioc. EAs. Eu. U. Mioc. SWAs. Pterospalax U. Mioc. 
or L. Plioc. Eu. Ptyssopborus Pleist. SA. Reitbrodon 
Pleist. R. SA. Reithrodontomys M. Plioc. R. NA. R. SA. 
Repomys U. Mioc. NA. Rhinocricetus L. Plioc. L. Pleist. 
Eu. Rhizospalax M.-U. Olig. Eu. Rotundomys U. Mioc. 
Eu. Ruscinomys U, Mioc. L. Plioc. Eu. U. Plioc. Af. 
Scottimus M. Olig. L. Mioc. NA. Sigmodon U. Plioc. R. 
SA. U. Plioc. NA. Spalax L. Plioc. Pleist. R. Eu. Pleist. 
R. SWAs. NAf. Spanocricetodon M. Mioc. As. Stacbo- 
mys L. Plioc. Eu. Symmetrodontomys M.-U. Plioc. NA. 
Synaptomys [Microtomys Mictomys] U. Plioc. R. NA. 
Patera Plioc. Af. Pleist. R. Af. As. Tregomys U. Mioc. 
NA. Trilopbomys L.-U. Plioc. Eu. Turkomys M. Mioc. 
Eu. Tyrrbetticola Pleist. Eu. Ungaromys L. Plioc. U. Plioc. 
Pleist. Eu. Wilsoneumys M.-U. Olig. NA. Yatkolamys L, 
Mioc. NA. Zetamys U. Olig. NA. Zramys U. Mioc. Af. 
Muridae Acamys U. Plioc. L. Pleist. R. Af. Aethomys U. 
Plioc. R. Af. Antemus M.-U. Mioc. As. Antbracomys L. 
Plioc. Eu. Apodemus U. Mioc. R. Eu. As. Arvicantbus 
Pleist. R. Af. L. Plioc. As. Castillomys U. Mioc. L. Plioc. 
Eu. Dasymys Dendromus Grarnmomys Pleist. R. Af. 
Gerboa U. Mioc. Eu. Hydromys Pleist. Aus. Karnimata 
U. Mioc. L. Plioc. As. Leggada ?L. Pleist. Af. Limnios- 
comys U. Plioc. Af. Malacotbrix Pleist. R. Af. Mastaco- 
mys Pleist. R. Aus. Mastomys U. Plioc. Af. Mus L. Plioc. 
U. Pleist. As. Pleist. R. Eu. Af. R. Cos. Myotomys U. 
Pleist. Af. Nesokia Pleist. R. SAs. R. NAf. Occitanomys 
U. Mioc. L. Plioc. Eu. Orientalomys L. Plioc. Eu. U. 
Plioc. As. Otomys Pleist. R. Af. Paraetbomys U. Mioc. 
L. Plioc. Eu. U. Mioc. SWAs. U. Plioc. Af. Parapelo- 
mys U. Mioc. L. Plioc. As. Parapodemus U. Mioc. Pleist. 
Eu. U. Mioc. L. Plioc. As. Pelomys L. Plioc. Eu. As. 
Pleist. R. Af. Procerotnys L. Plioc. As. Progonomys U. 
Mioc. L. Plioc. Eu. As. Rattus [ Epimys } Pleist. R. As. 
Pleist. R. Eu. Aus. Af. Efnd. R, Cos. Rhabdomys Pleist. 
R. Af. Rhagamys Pleist. Eu. Rbagapodemus U. Mioc. U. 
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Plioc. Eu. Saccostomus Pleist. R. Af. Saidomys L. Plioc. 
Af. Steatomys U. Plioc. U. Pleist. R. Af. Stephanomys U. 
Mioc. U. Plioc. Eu. PPlioc. Pleist. As. Thallotnys PL.-U. 
Pleist. R. Af. Valermys U. Mioc. Eu. Zelotomys Pleist. 
R. Af. 

SUPERFAMILY SPALACOIDEA Rhizomyidae Brachyrhizomys 
U. Mioc. EAs. Parrarhizomys L. Plioc. EAs. Rbizo- 
myoides M. Mioc. L. Plioc. As. Rbizomys U. Mioc. R. 
As. Pachyoryctoides M. Olig. L. Mioc. EAs. 

INFRAORDER INDETERMINATE 

superfamily CTENODACTYI.OIDEA Ctenodactylidae Ad- 
venimus L.-U. Eoc. As. Africanomys Dubiomys Mioc. 
NAf. Irhoudia U. Mioc. U. Plioc. Af. Karakormys M.-PU. 
Olig. As. Leptotataromys U. Olig. EAs. Metasayimys M. 
Mioc. As. Af. Petrokozlovia L.-U. Eoc. As. Saykanomys 
L.-U. Eoc. As. Pamquammys L.-M. Eoc. EAs. Tataro- 
rnys M. Olig. L. Mioc. EAs. Terrarboreus M. Olig. CAs. 
Testouromys M.-U. Mioc. NAf. Tsinlingomys U. Eoc. 
EAs. Woodomys M. Olig. As. Yindirtemys U. Olig. EAs. 
Yuomys U. Eoc. EAs. Chapattimyidae Chapattimys M. 
Eoc. Ind. Cocomyidae Cocomys L. Eoc. EAs. 

superfamily pedetoidea Pedetidae Megapedetes L. Mioc. 
EAf. Mioc. Eu. Parapedetes L. Mioc. SWAf. Pedetes 
Pleist. R. Af. 

superfamily anomaluroidea Anomaluridae R. Af. 
?Nementckamys U. Eoc. NAf. Paranomalurus L. Mioc. 
Af. Zenderella L. Mioc. Af. 

superfamily theridomyoidea Theridomyidae (Peudos- 
ciuridae) Columbomys U. Olig. Eu. ?Diatomys M. Mioc. 
As. Plfomys M. Eoc. M. Olig, Eu. Estellomys U. Eoc. 
Eu. lssiodoromys M. Olig. L. Mioc. Eu. Microsuevos- 
ciurus U. Eoc. L. Olig. Eu. Neosciuromys L. Mioc. Af. 
Oltinomys U. Eoc. Eu. Paradelomys M.-U. Eoc. Eu. 
Patriotberidomys U. Eoc. Eu. Protadelomys L.-M. Eoc. 
Eu. Protophiomys U. Eoc. NAf. Pseudosciurus U. Eoc. 
L. Olig. Eu. Remys M.-U. Eoc. Eu. Sciuroides M.-U. Eoc. 
Eu. Sciuromys L.-M. Olig. Eu. Suevosciurus U. Eoc. M. 
Olig. Eu. Tarnomys L. Olig. Eu. Thalerimys U. Eoc. Eu. 
Theridotnys [Trechomys] U. Eoc. M. Olig. Eu. Trepos- 
ciurus M.-U. Eoc. Eu. 

suborder hystricognathi 

infraorder bathygeromorpha Bathygeridae Bathyge- 
roides L. Mioc. SWAf. Cryptomys Pleist. R. Af. Gyp- 
sorhychus U. Plioc. L. Pleist. Af. Heterocephalus Pleist. 
R. Af. Paracryptomys L. Mioc. Af. Proheliophobius L. 
Mioc. Af. Tsaganomyidae Tsaganomys M.-U. Olig. As. 

INFRAORDF.R HYSTR1COMORPHA Hystricidae Hystrix [Xe- 
nobystrix] M. Mioc. R. Eu. L. Plioc. R. Af. U. Mioc. R. 
As. Pleist. EInd. Sivacanthion M. Mioc. As. Xenobys- 
trix U. Plioc. L. Pleist. Af. 

infraorder phiomorpha 

superfamily thryonomyoidea Phiomyidae Andrewsi- 
mys L. Mioc. Af. Gaudeamus Metaphiomys Olig. Af. 
Paraphiomys Olig. U. Mioc. Af. Phiocricetomys Olig. Af. 
Phiomys L. Olig. L. Mioc. NAf. Thryonomyidae I.pt- 
pbiomys L. Mioc. Af. Paraulacodus M. Mioc. As. U. 


Mioc. Af. Petromus [Petromys] Pleist. R. Af. Sayintys M. 
Olig. U. Mioc. As. M. Mioc. Af. Tbryotiomys [Anlaco- 
dus\ Pleist. R. Af. Diamantomyidae Diamantomys L. 
Mioc. Af. Promonomys L. Mioc. SAf. Kenyamidae 
Kenyamys L. Mioc. Af. Simonimys L. Mioc. Af. My- 
ophiomyidac Elmerimys L. Mioc. Af. Myopbiomys L. 
Mioc. Af. Phiomyoides L. Mioc. EAf. 

infraorder caviomorpha 

superfamily octodontoidea Octodontidae Acaremys U. 
Olig. L. Mioc. SA. Cbasicomys U. Mioc. SA. Eoctodon 
U. Olig. SA. Encelophorus U. Plioc. SA. Eucoleophorus 
U. Plioc. SA. Phtboramys L. Plioc. SA. Pithanotomys U. 
Plioc. PPleist. SA. Platypittamys U. Olig. SA. Pseudopla- 
taeomys Plioc. SA. Sciamys L. Mioc. SA. Xenodotito- 
mys M. Plioc. Pleist. SA. Echimyidae f Acarechimys L. 
Mioc. SA. Adelphomys L. Mioc. SA. C ercomys U. Mioc. 
L. Pleist. R. SA. Cbasichimys U. Mioc. SA. Deseado- 
mys U. Olig. SA. Eumysops [ Proaguti Proatherura] U. 
Mioc. L. Pleist. SA. Paradelphomys U. Olig. SA. Patter- 
somys U. Mioc. SA. Prospaniomys U. Olig. SA. Prota- 
delpbomys U. Olig. SA. Spaniomys [Graphitnys Gyrig- 
nophus ] L. Mioc. SA. Stichomys L.-?M. Mioc. SA. 
Ctenomyidae Actenomys [ Dicoelopboms ] L. Plioc. L. 
Pleist. SA. Ctemys [ Paractenomys ] U. Plioc. R. SA. Meg- 
actenomys L. Pleist. SA. Abrocomidae Protabrocoma L.- 
U. Plioc. SA. Capromyidae Isomyopotamus U. Plioc. SA, 
My ocas tor [ Myopotamus ] U. Plioc. R. SA. Tramycastor 
L. Pleist. SA. 

superfamily CFtiNCHiLLOiDEA Chinchillidae Lagostotnop- 
sis U. Mioc. U. Plioc. SA. Lagostomns U. Plioc. R. SA. 
Perimys U. Olig. L. Mioc. SA. Prolagostomus L.-?M. 
Mioc. SA. Scotaeumys U. Olig. L. Mioc. SA. Scotamys 
U. Olig. SA. Dasyproctidae Cepbalomys f Orcbiomys J U. 
Olig. SA. Litodontomys U. Olig. SA. Lomomys ?L. Mioc. 
SA. Neoreomys L.-U. Mioc. SA. Olenopsis L.-U. Mioc. 
SA. Scleromys [ Lomomys \ L.-U. Mioc. SA. Dinomyidae 
fColpostemma Dabbenea Diaphoromys U. Mioc. SA. 
Eusigmomys M. Mioc. SA. Gyriabrus U. Mioc. SA. Po- 
tamarchus [Discolomys] U. Mioc. M. Plioc. SA. Simpli- 
mus Mioc. SA. Telicomys U. Mioc. U. Plioc. SA. Ter- 
astylus U. Mioc. L. Plioc. SA. 

superfamily cavioidea Eocardiidae Asteromys U. Olig. 
SA. Chubutomys U. Olig. SA. Eocardia [Dicardia Ctied- 
ymys Tricardia] L. Mioc. SA. Luanthus Phanomys U. 
Olig. L. Mioc. SA. Megastus M. Mioc. SA. Schistomys 
[Procardia] L. Mioc. SA. Caviidae Allocavia U. Mioc. SA. 
Cardiomys [Caviodon Diocartherium Lelongia Neopro- 
cavia Pseudocerdiotnys] M. Mioc. U. Plioc. SA. Cavia 
Pleist. R. SA. Caviodon ?U. Mioc. U. Plioc. SA Caviops 
Dolicavia U. Plioc. SA. Dolichotis [ Paradolicbotis ] L, 
Pleist. R. SA. Microcavia [Nannocavia] Pleist. R. SA. 
Neocavia M. Plioc. SA. Orthomyctera U. Mioc. M. 
Pleist. SA. Palaeocavia U. Mioc. L. Pleist. SA. Pascualia 
?U. Plioc. SA. Procardiomys L. Plioc. SA. Prodolicbotis 
U. Mioc. SA. ?Propediolagus U. Plioc. SA. Hydrochoeri- 
dae Anchimysops U. Plioc. SA. Cardiatherium [ Car- 
diotherium ] U. Mioc. ?L. Plioc. SA. Chapaimatherium U. 
Plioc. SA. Hydrocboerus Pleist. NA. Wind. Pleist. R. SA. 
Kiyutherium U. Mioc. SA. Neoanchimys U. Plioc. SA. 
Neocboerus [Palaeohydrochoerus Pliobydrocboerus 
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Probydrochoerus Protohydrochoerus | Pleist. SA. NA. CA. 
Procardiatherium U. Mioc. ?M. Plioc. SA. Protobydro- 
cboems M.-U. Plioc. SA. 

SUPERFAMILY F.RETHlZONTOtDEA Erethizontidae Coendu M. 
Plioc. M. Pleist. NA. R. SA. Disteiromys M. Mioc. SA. 
Eosteriomys U. Olig. SA. Erethizon L. Pleist. R. NA. 
Hypsosteiromys U. Olig. SA. Neosteiromys M. Plioc. SA. 
Parasteiromys U. Olig. SA. Protacaremys [Archaeocar- 
dia Eoctodon “ Palaeocardia ”] U. Olig. SA. Protosteiro- 
mys U. Olig. SA. Steiromys [ Parasteiromys J U. Olig. L. 
Mioc. SA. 

order rodentia [NCERTAE SEDts Branisamys U. Olig. SA. 
Ectropomys U. Eoc. Eu. Guanajuatomys L. Olig. NA. Luri- 
bayomys U. Olig. SA. Nonomys L. Olig. NA. Pairomys U. 
Eoc. Eu. Prolapsus M.-U. Eoc. NA. Quercymys L. Olig. Eu. 

order lagomorpha Stem lagomorphs — no family desig- 
nated Desmatolagus U. Olig, EAs. U. Eoc. U. Olig. NA. 
Gobiolagus U. Eoc. L. Olig. EAs. Hsiuannania U. Paleoc. 
EAs. Lushilagus U. Eoc. EAs. Megalagus L. Olig. L. Mioc. 
NA. Mimolagus POlig. EAs. Mimotona L.-U. Paleoc. EAs. 
Mytonolagus U. Eoc. NA. Shamolagus U. Eoc. EAs. ?L. Olig. 
Eu. Ochotonidae R. As. NA. Alloptox [Metochotona] M.-U. 
Mioc. As. Amphilagus U. Olig. U. Mioc. Eu. Austrolago- 
mys L. Mioc. Af. Bellatona U. Mioc. EAs. Bohlinotona M. 
Olig. EAs. Cuyamalagus L. Mioc. NA. Eurolagus M.-U. 
Mioc. Eu. Gripholagomys L. Mioc. NA. Hesperolagotnys M.- 
U. Mioc. NA. Kenyalagomys L. Mioc. EAf. Lagopsis L.-M. 
Mioc. Eu. Marcuinomys U. Olig. Eu. Ochotona [ Lagomys 
Lagotona Pliochotona Prochotona ] U. Mioc. R. Eu. NA. As. 
Ocbotonoides L. Plioc. Eu. Plioc. Pleist. As. Ochotonolagus 
U. Olig. EAs. Oreolagus L.-M. Mioc. NA. Paludotona L. 
Plioc. Eu. Piezodus U. Olig. M. Mioc. Eu. Procaprolagus L.- 
M. Olig. EAs. Prolagus M. Mioc. Pleist. Eu. M.-U. Mioc. 
SWAs. Ptycboprolagus M. Mioc. Eu. Russellagus M. Mioc. 
NA. Sinolagomys L. Olig. L. Mioc. EAs. Titanomys U. Olig. 
M. Mioc. Eu. Leporidae Agispelagus U. Olig. EAs. Alilepus 
U. Mioc. L. Plioc. Eu. ?NA. PPleist. NA. Aluralagus L. Plioc. 
NA. Archaeolagus L. Mioc. NA. Brachylagus U. Pleist. NA. 
Caprolagus Plioc. R. As. Cbadrolagus L. Olig. NA. Hypo- 
lagus L. Mioc. U. Plioc. NA. L. Plioc. L. Pleist. Eu. L. Pleist. 
As. Lagotberium U. Plioc. Eu. Lepus L. Plioc. R. Eu. Af. 
Pleist. R. As. NA. Litogalus M. Olig. NA. Nekrolagus L.-U. 
Plioc. NA. Notolagus [Dicea] Plioc. Pleist. NA. Ordolagus M. 
Olig. EAs. Oryctolagus L. Pleist. R. Eu. NAf. Palaeolagus L. 
Olig. L. Mioc. NA. Panolax M. Mioc. NA. Pliolagus L. 
Plioc. L. Pleist. Eu. Pliopentalagus L. Plioc. Eu. As. Pratile- 
pus M.-U. Plioc. NA. Procaprolagus L.-U. Olig. EAs. Pron- 
olagus Pleist. R. Af. Sylvilagus [ Palaeotapeti ] L. Pleist. R. 
NA. Pleist. R. SA. Trischizolagus L.-U. Plioc. Eu. Veterile- 
pus U. Mioc. Eu. 

order CONDYLarthra Arctocyonidae (Oxyclaenidae) Ana- 
codon ?U. Paleoc. L. Eoc. NA. Arctocyon [Arctotherium 
Heterobrous Hyodectes ] U. Paleoc. Eu. Paleoc. NA. Arcto- 
cyonides [Creodapis Procyonictis] U. Paleoc. Eu. Baiocono- 
don L. Paleoc. NA. Chriacus [Lipodectes] L. Paleoc. L. Eoc. 
NA. Colpoclaenus M.-U. Paleoc. NA. fDeltatherium Deu- 
terogonodon M. Paleoc. NA. Desmatoclaenus L.-M. Paleoc. 
NA. Eoconodon L. Paleoc. NA. Goniacodon L.-M. Paleoc. 
NA. Lambertocyon M.-U. Paleoc. NA. Landenodon U. Pa- 
leoc. L. Eoc. Eu. Loxolophus L. Paleoc. NA. Mentoclaeno- 


don U. Paleoc. NA. Eu. Mimotricentes L.-M. Paleoc. NA. 
Neoclaenodon M. Paleoc. NA. Oxyclaenus L.-M. Paleoc. NA. 
Oxyprimus L. Paleoc. NA. Paratriisodon U. Eoc. EAs. 
Protbryptacadon M. Paleoc. NA. Protungulatum U. Cret. L. 
Paleoc. NA. Ragnarok L. Paleoc. NA. Spanoxyodon Stelo- 
cyon M. Paleoc. NA. Thangorodrim L. Paleoc. NA. Thryp- 
tacodon U. Paleoc. L. Eoc. NA. Tricentes M.-U. Paleoc. NA. 
Triisodon M. Paleoc. NA. Paroxyclaenidae fDulcidon M. 
Eoc. NAs. Kiinkerisbella U. Eoc. NAs. Kocbictis M. Olig. Eu. 
Kopidodon M. Eoc. Eu. Paroxyclaenus U. Eoc. Eu. Pugiod- 
ens [Vulpavoides] Russellites M. Eoc. Eu. Spaniella L. Eoc. 
Eu. Tricuspiodontidae Paratricuspiodon U. Paleoc. Eu. Tri- 
cuspiodon [Conaspidotherium Plesiphenacodus ] U. Paleoc. Eu. 
Mioclaenidae Bomburia Cboeroclaenus L. Paleoc. NA. 
Eliopsodon Paleoc. NA. Litaletes M. Paleoc. NA. Mio- 
claenus M. Paleoc. NA. Promioclaenus L.-M. Paleoc. NA. 
Protoselene Paleoc. NA. Phenacodaptes M.-U. Paleoc. NA. 
Hyopsodontidae Aletodon [Platymastus} U. Paleoc. L. Eoc. 
NA. Decoredon L. Paleoc. EAs. Dipavali U. Paleoc. Eu. 
Dorralestes U. Paleoc. NA. Haplaletes L.-U. Paleoc. NA. 
Haplomylus U. Paleoc. L. Eoc. NA. ?M. Eoc. EAs. Hypso- 
dus U. Paleoc. U. Eoc. NA. L. Eoc. EAs. Lessnessina L. Eoc. 
Eu. Litomvlus M.-U. Paleoc. NA. Louisina U. Paleoc. Eu. 
Microhyus U. Paleoc. L. Eoc. Eu. Palasiodon M. Paleoc. As. 
Pascbatberium U. Paleoc. L. Eoc. Eu. Utemylus U. Paleoc. 
NA. Yuodon M. Paleoc. EAs. Meniscotheriidae Ectocion 
[ Gidleyina ] M. Paleoc. L. Eoc. NA. Meniscotberium [Hyra- 
cops] U. Paleoc. L. Eoc. NA. Ortbaspidotberium Pleuraspi- 
dotherium U. Paleoc. Eu. Prosthecion U. Paleoc. NA. Perip- 
tychidae Anisoncbus L.-U. Paleoc. NA. Carsioptychus 
[Plagioptycbus] L.-M. Paleoc. NA. Conacodon Earendil L. 
Paleoc. NA. Ectoconus L. Paleoc. NA. ?EAs. Eimbrethil 
Gillisonchus Haploconus Hemithlaeus Maiorana Mimatuta 
Oxyacodon Periptychus L. Paleoc. NA. Pseudanisonchus U. 
Paleoc. EAs. Tinuviel L. Paleoc. NA. Phenacodontidae Al- 
mogaver M. Eoc. Eu. E odesmatodon U. Eoc. EAs. Phena- 
codus U. Paleoc. L. Eoc. NA. L.-M. Eoc. Eu. Tetraclaeno- 
don [ Euprotogonia ] M.-U. Paleoc. NA. Didolodontidae 

Argyrolambda L. Eoc. SA. Asmithwoodwardia U. Paleoc. L. 
Eoc. SA. Didolodus [Cepbanodus Loncboconus Nepbaco- 
dus ] L. Eoc. SA. Enneoconus L. Eoc. SA. Ernestokokenia 
[Notoprogonia Progonia ] U. Paleoc. L. Eoc, SA. Lamegoia 
U. Paleoc. SA. Oxybunotherium L. Eoc. SA. Paulogervaisia 
Proectocion L. Eoc. SA. Protbeosodon L. Olig. SA. Phena- 
colophidae Ganolopbus Minchenella Pbenacolopbus Tien- 
shanilophus Yuelophus U. Paleoc. EAs. 

ORDER ARTIODACTYLA 

suborder palaeodonta Dichobunidae Achaenodon U. Eoc. 
Af. NA. Antiacodon [ Sarcolemur \ M. Eoc. NA. Apriculus 
[Protelotberium] U. Eoc. NA. Aumelasia M. Eoc. Eu. 
Auxontodon U. Eoc. NA. Bunomeryx U. Eoc. NA. Buno- 
phorus L. Eoc. NA. Buxobune M. Eoc. Eu. Cborlakkia M. 
Eoc. SAs. Diacodexis L. Eoc. NA. Eu. Dicbobune [?Tby- 
lacomorphus] M. Eoc. L. Olig. Eu. ?U. Eoc. NAs. M. Eoc. 
SAs. Lopbiobys M. Eoc. NA. Hexacodus L. Eoc. NA. 
Homacodon [Nanomeryx] M. Eoc. NA. Hylotneryx 
[fSphenomeryx] Mesomeryx U. Eoc. NA. Hyperdicbobune 
U. Eoc. L. Olig. Eu. Lantianius L. Olig. EAs. Lophiobu- 
nodon Meniscodon Messelobunodon M. Eoc. Eu. Me- 
triotberium L.-U. Olig. Eu. Microsus M. Eoc. NA, 
Mioacboerus U. Eoc. Eu. Mouillacitberium M. Eoc. L. 
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VERTEBRATE CLASSIFICATION 


Olig. Eu. Neodiacodexis M. Eoc. NA. Mytonomeryx Peti- 
tacemylus Taphochoerus Parahyus U. Eoc. NA. Protodi- 
chobune L. Eoc. Eu. U. Eoc. EAs. Helohyidae Bunoden- 
tus M. Eoc. SAs. Gobiohyus M.-U. Eoc. EAs. Haqueina M. 
Eoc. SAs. Helohyus M. Eoc. NA. Indohyus M.-?U. Eoc. 
SAs. Khirtharia Kunmunella Raoella M. Eoc. SAs. 

SUBORDER SUINA 

superfamily ENTEI.ODONTOIDEA Choeropotamidae 
Choeropotamus U. Eoc. Eu. Cebochoeridae Acotheru- 
lum U. Eoc. Eu. Cebochoerus [Acotherulum Leptacolth- 
erulum ] M. Eoc. L. Olig. Eu. Leptotheridium M.-U. Eoc. 
Eu. Moiachoerus U. Eoc. Eu. Mixtotherium M.-U. Eoc. 
Eu. L. Olig. NAf. Entelodontidae (Elotheridae) Ar- 
chaeotherium [Choerodon Megachoerus Pelonax Scap- 
tohyus] L. Mioc. L.-U. Olig. EAs. Brachyhyops U. Eoc. 

L. Olig. NA. Dinohyus [fAmmodon ?Boochoerus 
fDaeodon ] L.-U. Mioc. NA. ?Dyscritochoerus U. Eoc. 
NA. Entelodon [Elodort Elotherium ] L.-M. Olig. Eu. As. 
?NA. Eoentelodon U. Eoc. L. Olig. EAs. ? Megachoerus 

M. Olig. NA. Paraentelodon U. Olig. L. Mioc. EAs. 
Leptochoeridae Nanochoerus Olig. NA. Stibarus L.-U. 
Olig. NA. 

superfamily suoidea Suidae Auerliachoerus L. Mioc. Eu. 
Bugtitherium L. Mioc. As. Bunolistriodon L. Mioc. As. 
L.-M. Mioc. Eu. Chleuastochoerus L. Plioc. As. Dicory- 
phochoerus [Hyosus] M. Mioc. U. Plioc. As. Emicho- 
erus M. Olig. Eu. Hippohyus U. Mioc. U. Plioc. As. 
Hylocboerus U. Pleist. R. Af. Hyosus U. Mioc. As. 
Hyotherium [ Amphichoerus Choeromorus Choerother- 
ium Palaeochoerus] L.-M. Mioc. Eu. L. Mioc. Af. M. 
Mioc. As. Kolpochoerus U. Plioc. Pleist. Af. Koryno- 
choerus M.-U. Mioc. Eu. U. Mioc. SWAs. Kubanocho- 
erus L. Mioc. NAf. M. Mioc. WAs. M. Mioc. Eu. Lis- 
triodon L.-M. Mioc. Af. L. Mioc. L. Plioc. Eu. L.-U. 
Mioc. As. Lophochoerus L. Plioc. As. Lopbolistriodon M. 
Mioc. Af. Mabokopithecus L. Mioc. Af. Mesochoerus L. 
Pleist. Af. Metridiochoerus U. Plioc. U. Pleist. Af. Mi- 
crostonyx M.-U. Mioc. Eu. U. Mioc. As. Notochoerus U. 
Plioc. U. Pleist. Af. Nyanzachoems U. Mioc. Eu. Mioc. 

L. Plioc. Af. Phacochoerus [ Afrochoerus Gerontocho- 
erus Kolpochoerus Metridiochoerus Notochoerus Pota- 
mochoeroides Potamochoerops Prontochoerus Synapto- 
choerus Tapinochoerus ] L. Pleist. R. Af. Pleist. WAs. 
Potamochoeroides U. Plioc. L. Pleist. Af. Potamocho- 
erus [ Choiropotamus Eostopotamochoerus Koiropota- 
mus Postpoamochoerus Propotamochoerus ] L. Pleist. R. 
Af. L. Plioc. Eu. M. Mioc. Pleist. As. Promesochoerus U. 
Plioc. Af. Propalaeochoerus U. Olig. Eu. Propotamo- 
choerus M. Mioc. L. Plioc. As. L. Plioc. Eu. Sanither- 
ium L.-M. Mioc. Af. M. Mioc. L. Plioc. Eu. As. Schi- 
zochoerus M. Mioc. SWAs. U. Mioc. Eu. As. Sivachoerus 
U. Mioc. SWAs. U. Mioc. U. Plioc. SAs. L. Pleist. NAf. 
Sivahyus U. Mioc. As. Sonohyus L.-M. Mioc. As. M.-U. 
Mioc. Eu. Stylochoerus U. Pleist. Af. Sus [Microstonyx] 
U. Mioc. R. Eu. As. L. Pleist. R. Af. Pleist. R. EInd. 
Tetraconodon L.-U. Plioc. As. Xenochoerus [Diaman- 
tohyus] U. Mioc. Eu. Xenopbyus L. Mioc. Eu. Tayas- 
suidae (Dicotylidae) Albanohyus Mioc. Eu. Argyrohyus 

M. -U. Plioc. SA. Catagonus Pleist. SA. Chaenohyus U. 
Olig. NA. Cynorca L. Mioc. NA. Desmahyus Mioc. NA. 


Doliochoerus M.-U. Olig. Eu. Dyseohyus L.-U. Mioc. 
NA. Hesperbyus [ Desmathyus Pediohyus] L.-U. Mioc. 
NA. Mylohyus M. Plioc. Pleist. NA. Palaeochoerus L. 
Olig. M. Mioc. Af. L.-U. Mioc. As. Pecaricboerus U. 
Mioc. SAs. L. Plioc. SAf. Perchoerus [Bothrolabis Thi- 
nohyus ] L. Olig. L. Mioc. NA. Platygonus [Paracbo- 
erus] Plioc. U. Pleist. NA. U. Plioc. Pleist. SA. Pros- 
thennops M.-U. Mioc. NA. Taucanamo L.-M. Mioc. Eu. 
M. Mioc. SWAs. Tayassu [Dicotyles Pecari] Pleist. R. SA. 
Pleist. R. NA. Thinohyus L.-M. Olig. ?L. Mioc. NA. 

superfamily hippopotamoidea Anthracotheriidae Aepi- 
nacodon L.-M. Olig. NA. Anthracochoerus L. Olig. Eu. 
Anthracokeryx U. Eoc. L. Olig. As. Anthracosenex U. 
Eoc. As. Anthracothema U. Eoc. As. Anthracotherium U. 
Eoc. L. Mioc. Eu. U. Eoc. M. Mioc. As. Arretotherium 
U. Olig. L. Mioc. NA. Bothriodon [Aepinacodon Attco- 
don Ancodus Hypotamus J U. Eoc. U. Olig. As. L. Olig. 
Eu. Bothriogenys L. Olig. L. Mioc. Af. Brachyodus L. 
Olig. L. Mioc. Af. L. Olig. M. Mioc. Eu. As. Cho- 
eromeryx U. Mioc. As. Diplopus U. Eoc. Eu. Elomeryx 
U. Eoc. U. Olig. Eu. U. Olig. NA. Gelasmodon L. Mioc. 
As. ?NAf. Gonotelma L. Mioc. As. Hemimeryx M. Olig. 
M. Mioc. As. Heothema U. Eoc. L. Olig. As. Heptaco- 
don L.-U. Olig. NA. Huananothema U. Eoc. L. Olig. 
EAs. Hyoboops [Merycops | M. Olig. M. Mioc. As. L. 
Mioc. Af. Masritherium L. Mioc. Af. Merycopotamus U. 
Mioc. L. Plioc. NAf. M. Mioc. U. Plioc. SAs. Microbu- 
nodon [ Microselenodon ] M. Olig. Eu. Octacodon U. 
Olig. NA. Parabrachyodus L. Mioc. SAs. Probrachyo- 
dos U. Eoc. L. Olig. EAs. Prominatherium U. Eoc. Eu. 
Telmatodon [Gonotelma] L.-M. Mioc. As. Thaumastog- 
nathus U. Eoc. Eu. Ulausuodon U. Eoc. As. Haplobu- 
nodontidae Anthracobunodon M. Eoc. Eu. Haplobuno- 
don M.-U. Eoc. Eu. Massilabune M. Eoc. Eu. 
Rhagatherium [ Amphirhagatherium ] M. Eoc. L. Olig. Eu. 

L. Olig. NAf. ?M. Mioc. As. Hippopotamidae Hexa- 
protodon [Choeropsis] U. Mioc. ?Eu. As. Af. L. Plioc. R. 
Af. Hippopotamus [ Hexaprotodon Hippoleakius Pro- 
choeropsis Tetraprotodon ] U. Plioc. R. As. L. Plioc. R. 
Af. Pleist. Eu. EInd. 

SUBORDER TYLOPODA 

supf.RFAmily merycoidodontoidea Agriochoeridae 
Agriochoerus L. Olig. L. Mioc. NA. Diplobunops 
[ Agriotherium Chorotherium Eomeryx Mesagriochoerus 
Protagriochoerus ] U. Eoc. NA. Protoreodon U. Eoc. L. 
Olig. NA. Merycoidodontidae (Oreodontidae) Aclisto- 
mycter U. Eoc. L. Olig. NA. Bathygenys L. Olig. NA. 
Brachycrus [Pronomoth erium] M. Mioc. NA. Cyclopi- 
dius L.-U. Mioc. NA. Dayobyus L. Mioc. NA. Desma- 
tochoerus [ Hypselochoerus Paradesmatochoerus] L.-M. 
Olig. NA. Epigenetochoerus L. Mioc. NA. Eporeodon 
[ SEucrotaphus \ M. Olig. L. Mioc. NA. Generochoerus 

M. -U. Olig. NA. Hadroleptauchenia M.-U. Olig. NA. 
Hypsiops U. Olig. L. Mioc. NA. Leptauchenia U. Olig. 
L. Mioc. NA. Limnenetes L. Olig. NA. Mediochoerus M. 
Mioc. NA. Megabathygenys L. Olig. NA. Megasespia U. 
Olig. NA. Megoreodon U. Olig. L. Mioc. NA. Mery- 
chyus [ Metoreodon ] L. Mioc. NA. Merycochoerus L.-M. 
Mioc. NA. Mercoides L. Mioc. NA. Merycoidodon 
[Oreodon] L.-U. Olig. NA. Mesoreodon L. Mioc. NA. 
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Metoreodon M. Mioc. NA. Miniochoerus [Paramini- 
ochoerus ] M.-U. Olig, NA. Oreodontoides [Paroreodon] 
L. Mioc. NA. Oreonetes L. Olig. NA. Otionohyus L.-U. 
Olig. NA. Parabathygenys L. Olig. NA. Paramerychyus 

L. Mioc. NA. Paramerycoidodon M.-U. Olig. NA. Par- 
astenopsochoerus M. Olig. NA. Pbenacocoelus L.-M. 
Mioc. NA. Pithecistes U. Olig. NA. Platyochoerus M.-U. 
Olig. NA. Prodesmatochoerus L.-M. Olig. NA. Promer- 
ycochoerus [Paracotylops Paramerycochoerus Paraprom- 
erycochoerus Pseudopromerycochoerus ] U. Olig. L. Mioc. 
NA. Promesodreodon Pseudocyclopidius U. Olig. NA. 
Pseudodesmatochoerus P seudomesoreodon Pseudogene- 
tocboerus L. Mioc. NA. Pseudoleptauchenia M. Olig. 
NA. Sespia U. Olig. NA. Stenopsochoerus [Pseudosten- 
opsochoerus] Subdesmatochoerus M.-U. Olig. NA. Sub- 
merycochoerus Superdesmatochoerus L. Mioc. NA. 
Ticholeptus [ Poatrephes ] M. Mioc. NA. Ustatochoerus U. 
Mioc. L. Plioc. NA. 

superfamily anoplotheroidea Cainotheriidae (Caen- 
otheriidae) Caenotneryx L.-M. Olig. Eu. Cainotherium 
[Caenotherium Procaenotherium ] M. Olig. M. Mioc. Eu. 
Oxacron U. Eoc. L. Olig. Eu. Paroxacron U. Eoc. L. 
Olig. Eu. Plesiomeryx M.-U. Olig. Eu. Procaenotherium 

M. Olig. Eu. Anoplotheriidae Anoplotherium U. Eoc. L. 
Olig. Eu. Diplartiopus U. Eoc. Eu. Diplobune U. Eoc. M. 
Olig. Eu. Ephelcomenus [ Hyracodontherium ] M. Olig. 
Eu. Hyracodontherium M. Olig. Eu. 

superfamily cameloidea Camelidae Aepycamelus Mioc. 
NA. Aguascalientia L. Mioc. NA. Alforjas U. Mioc. NA. 
Blanococamelus M. Plioc. NA. Blickomylus L.-M. Mioc. 
NA. Camelodon U. Eoc. NA. Camelops L. Plioc. Pleist. 
NA. Camelus [ Cameliscus ] U. Pleist. R. As. Pleist. R. 
-NAf. Delahomeryx L. Mioc. NA. Dyseotylopus U. Olig. 
NA. Eulameops U. Pleist. SA. Floridatragulus L.-M. 
Mioc. NA. Gentilicamelus L. Mioc. NA. Hemiauchenia 
U. Mioc. L. Pleist. NA. Hesperocamelus M. Mioc. NA. 
Hidrosotherium L. Olig. NA. Homocamelus M.-U. Mioc. 
NA. Lama \Auchenia Hemiauchenia Palaeolama Vi- 
cugna] U. Plioc. R. SA. Oromeryx Protylopus U. Eoc. 
NA. Megatylops U. Mioc. U. Plioc. NA. Michenia L.-U. 
Mioc. NA. Miolabis M. Mioc. NA. Miotylopus Notho- 
kemas Oxydactylus L. Mioc. NA. Nothotylopus U. Mioc. 
NA. Palaeolama U. Mioc. U. Plioc. NA. Pleist. SA. 
Paracamelus [Megatylopus Neoparacamelus] L.-U. Plioc. 
NA. Eu. U. Plioc. Pleist. As. Paratylopus M. Olig. NA. 
Pliauchenia M.-U. Mioc. NA. Peobrodon U. Eoc. NA. 
Poebrotherium M. Olig. NA. Priscocamelus L. Mioc. NA. 
Procamelus U. Mioc. L. Plioc. NA. Protolabis M. Mioc. 
L. Plioc. NA. Pseudolabis U. Olig. L. Mioc. NA. Rako- 
mylus M. Mioc. NA. Stenomylus Tanymykter L. Mioc. 
NA. Titanotylopus Plioc. Pleist. NA. Vicugna M. Pleist. 
R. SA. Oromerycidae Eotylopus U. Eoc. M. Olig. NA. 
Malaquiferus Merycobunodon U. Eoc. NA. Montanaty- 
lopus L. Olig. NA. Oromeryx Protylopus M.-U. Eoc. 
NA. 

superfamily incertae SEDIS Xiphodontidae Dichodoti 
[ Tetraselenodon ] M. Eoc. L. Olig. Eu. Haplomeryx Par- 
axiphodon M.-U. Eoc. Eu. Xiphodoti U. Eoc. L. Olig. 
Eu. Amphimerycidae Amphimeryx U. Eoc. L. Olig. Eu. 
Pseudamphimeryx L. Eoc. L. Olig. Eu. Protoceratidae 


Heteromeryx L. Olig. NA. Leptoreodon [Camelomeryx 
Hesperomeryx Merycodesmus] Leptotragulus [Parame- 
ryx] U. Eoc. NA. Paratoceras L.-U. Mioc. NA. Poabro- 
mylus U. Eoc, NA. Prosynthetoceras L.-M. Mioc. NA. 
Protoceras [Galops Pseudoproceras ] U. Olig. L. Mioc. 
NA. Pseudoprotoceras L. Olig. NA. Syndoceras L. Mioc. 
NA. Synthetoceras [ Prosynthetoceras ] L. Mioc. L. Plioc. 
NA. Toromeryx U. Eoc. NA. 

SUBORDER RUMINANTIA 

infraorder traguloidea Hypertragulidae Andegameryx 
L.-M. Mioc. Eu. Hypertragulus [ Allomeryx ] L. Olig. L. 
Mioc. NA. Hypisodus Olig. NA. Indomeryx U. Eoc. SAs. 
Nanotragulus U. Olig. L. Mioc. NA. Notomeryx U. Eoc. 
EAs. Parvitragulus L. Olig. NA. Simimeryx U. Eoc. NA. 
Tragulidae R. As. Af. Dorcabune M. Mioc. L. Plioc. As. 
Dorcatherium L.-M. Mioc. Af. M. Mioc. L. Plioc. Eu. 
U. Mioc. L. Pleist. As. Gobiomeryx L.-M. Olig. EAs. 
Tragulus L. Mioc. R. As. Pleist. EInd. Leptomerycidae 
Archaeomeryx U. Eoc. L. Olig. As. Bachitherium L.-M. 
Olig. Eu. Gobiomeryx L. Olig. EAs. Hendryomeryx U. 
Eoc. NA. Leptomeryx L. Olig. L. Mioc. NA. Lophiom- 
eryx L.-U. Olig. As. Eu. Miomeryx L. Olig. EAs. Prod- 
remotherium L.-M. Olig. Eu. M.-U. Olig. WAs. L. Mioc. 
Af. Pronodens L. Mioc. NA. Pseudomeryx M. Olig. As. 
Pseudoparablastomeryx L.-U. Mioc. NA. Rutitherium U. 
Olig. Eu. Xinjiangmeryx U. Eoc. EAs. Gelocidae Cryp- 
to meryx L. Olig. Eu. Gelocus [Paragelocus Pseudogelo- 
cus] U. Eoc. M. Olig. Eu. L. Mioc. As. Af. Paragelocus 
' U. Eoc. Eu. Pseudoceras U. Mioc. L. Plioc. NA. Wal- 
angania L. Mioc. EAf. 

INFRAORDER PECORA 

Superfamily CERVOIDEA Palaeomerycidae Aletomeryx 
[Dyseomeryx Sinclairomeryx] L.-M. Mioc. NA. Barbou- 
romeryx L.-M. Mioc. NA. Climacoceras Mioc. EAf. 
Cranioceras Drepanomeryx M. Mioc. NA. Dromome- 
ryx M.-U. Mioc. NA. Lagomeryx [Heterocemas] L.-U. 
Mioc. Eu. Mioc. L. Plioc. EAs. Palaeomeryx L. Mioc. Af. 
As. M. Mioc. L. Plioc. Eu. Pediomeryx f Procoileus ] U. 
Mioc. L. Plioc. NA. Procervulus L.-U. Mioc. Eu. Rako- 
meryx M.-U. Mioc. NA. Yumaceras ?U. Mioc. U. Plioc. 
L. Pleist. NA. Moschidae Amphitragulus U. Olig. L. 
Mioc. Eu. L. Mioc. As. Af. Blastomeryx [Parablastome- 
ryx P roblast ornery x Propalaeoryx Pseudoblastomeryx ] L. 
Mioc. U. Plioc. NA. Dremotherium U. Olig. L. Mioc. 
Eu. Iberomeryx U. Olig. L. Mioc. As. Longirostrome- 
ryx M.-U. Mioc. NA. Machaeomeryx L. Mioc. NA. 
Micromeryx [Orygotherium] M. Mioc. L. Plioc. Eu. 
Moschus U. Mioc. R. As. Cervidae Alces [ Libralces ] 
Pleist. R. Eu. As. NA. Anoglochis Plioc. Eu. Antifer 
[Paraceros] U. Plioc. Pleist. SA. Arvernoceros U. Plioc. 
Eu. Axis U. Plioc. R. As. Pleist. Eu. EInd. Blastocerus 
Pleist. R. SA. NA. Bretzia L. Plioc. NA. Capreolus ?U. 
Mioc. R. Eu. U. Plioc. R. As. Cervalces Pleist. NA. 
C ervavitulus U. Mioc. Eu. Gervavitus U. Mioc. As. 
Cervocerus [ Gervavitus Damacerus Procervus ] L. Plioc. 
Eu. As. Cervulus U. Plioc. As. Cervus [Cervodama De- 
peretia Elaphus Epirusa Euctenoceros Nipponicervus 
iProcoileus Pseudaxis Rucervus Rusa Sika ] U. Plioc. R. 
Eu. U. Mioc. Pleist. NAf. M. Plioc. R. NA. U. Mioc. 
Pleist. As. Dama U. Plioc. R. As. Pleist. NAf. Pleist. R. 
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Eu. Dicrocerus [Euprox Heteroprox]. L. Mioc. Eu. As. 
?U. Mioc. As. Elaphurus L. Pleist. R. EAs. Eostylocerus 
U. Mioc. EAs. Eucladocerus [Polycladus] U. Mioc. U. 
Plioc. Eu. Euctenoceros U. Plioc. Eu. Eumeryx L.-U. 
Olig. EAs. Habromeryx L.-U. Pleist. SA. Hippocamelus 
Pleist. R. SA. Hydropotes Pleist. R. EAs. Libralces U. 
Plioc. Eu. Megaloceros [Dolicbodoryceros Megaceros 
Megaceroides Ortbogonoceros Sinomegaceroides Sinom- 
egaceras] L.-U. Pleist. Eu. Pleist. NAf. As. Metacervulus 
[Paracervulus] U. Mioc. EAs. L. Pleist. Eu. Muntiacus 
[ Ceruulus J L. Pleist. R. As. U. Mioc. L. Plioc. EEu. Pleist. 
EInd. Navahoceros U. Pleist. NA. Odocoileus [Palaeoo- 
docoileus Protomazama J M. Plioc. R. NA. Ozotoceras 
Pleist. R. SA. Paracervulus U. Mioc. L. Plioc. Eu. Prae- 
megaceros U. Plioc. L. Pleist. Eu. Procapreolus L. Plioc. 
Eu. As. Pseudaxis ?U. Mioc. L. Pleist. As. Rangifer Pleist. 
R. Eu. As. NA. Sangamona U. Pleist. NA. Stephanoce- 
mas M.-U. Mioc. Eu. As. Giraffidae Birgerbohlinia U. 
Mioc. Eu. Bohlinia [ Orasius ] U. Mioc. L. Plioc. Eu. 
Bramatkerium U. Mioc. SAs. Decennatherium U. Mioc. 
L. Plioc. Eu. SWAs. Giraffa [Camelopardalis] L. Plioc. 
Eu. M. Mioc. U. Plioc. As. U. Mioc. R. Af. Giraffoke- 
ryx U. Mioc. L. Plioc. SAs. L. Mioc. Eu. Helladother- 
ium [ Panotberium ] L. Plioc. EEu. SWAs. Honanother- 
ium U. Mioc. EAs. Eu. Hydaspitherium U. Mioc. SAs. 
Indratherium U. Plioc. As. lnjanatherium U. Mioc. EAs. 
Libytherium U. Mioc. Af. Macedonitherium U. Plioc. 
SWAs. Palaeotragus [Achtiaria] L. Mioc. U. Plioc. Af. U. 
Mioc. L. Plioc. EEu. As. Prolibytherium L. Mioc. NAf. 
Propalaemeryx U. Mioc. SAs. Samotherium [ Akice - 
phalus Cheronotherium Shansitherium ] U. Mioc. L. Plioc. 
Eu. As. M. Mioc. Af. Sivatherium [Griquatherium In- 
dratherium lOrangiatherium] U. Plioc. SAs. L. Plioc. U. 
Pleist. Af. Triceromeryx [Hispanocervus] L. Mioc. Eu. As. 
Vishnutherium L. Plioc. SAs. Zarafa L. Mioc. NAf. 
Progiraffa L. Mioc. As. 

SUPERFAMILY CERVOIDEA INCERTAE SEDIS Ampkiprox U. 
Mioc. Eu. Cantbumeryx L. Mioc. NAf. Euprox L.-U. 
Mioc. Eu. Heterocemas U. Mioc. EAs. Heteroprox M. 
Mioc. Eu. Pliocervus U. Mioc. Eu. Pseudoblastomeryx L. 
Mioc. NA. 

superfamily bovoidea Antilocapridae Antilocapra [Neo- 
meryx] U. Mioc. R. NA. Capromeryx [ Breameryx Dor- 
cameryx ] U. Plioc. Pleist. NA. Ceratomeryx L.-M. Plioc. 
NA. Hayoceros L. Pleist. NA. Hexameryx U. Mioc. NA. 
Hexobelomeryx [Hexameryx J U. Mioc. NA. Meryceros 
[ Submeryceros ] M.-U. Mioc. NA. Merycodus [Cosoryx 
Paracosoryx Subcosoryx Subparacosoryx] L.-M. Mioc. 
NA. Osbornoceros Ottoceros Plioceros Proantilocapra U. 
Mioc. NA. Ramoceros [Merriamoceros Paramoceros] L.- 
U. Mioc. NA. Sphenophalos [Plioceros] U. Mioc. or L. 
Plioc. NA. Stockoceros U. Pleist. NA. Tetrameryx 
[Hayoceros Stockoceros] U. Plioc. U. Pleist. NA. Texo- 
ceros U. Mioc. L. Plioc. NA. Bovidae Aepyceros U. 
Mioc. R. Af. Alcelaphus [Bubalis Pelorocerus] L. Pleist. 
R. Af. Antidorcas U. Mioc. Eu. As. U. Plioc. Pleist. Af. 
Antilope L. Pleist. R. As. U. Mioc. L. Pleist. Af. Anti- 
lospira L.-U. Plioc. ?L. Pleist. EAs. Beatragus L. Pleist. 
R. Af. Benicerus M. Mioc. Af. Bibos Pleist. R. As. Pleist. 
Eu. Pleist. R. EInd. Bison [Gigantobison Parabison Pla- 
tycerobison Simobison Superbison Stelabison] U. Plioc. U. 


Pleist. As. Pleist. R. Eu. NA. Bootberium Pleist. NA. Bos 
[Poepbagus \ Pleist. R. Eu. As. Af. NA. Boselaphus U. 
Mioc. Pleist. R. As. Bubalus L. Pleist. Eu. L. Pleist. R. 
As. Bucapra L. Pleist. SAs. Budorcas U. Pleist. R. As. 
Cambayella U. Mioc. SAs. Capra [Aegoceros Ibex] U. 
Pleist. R. Eu. Pleist. R. NAf. Cepbalophus U. Mioc. R. 
Af. Connochaetes Pleist. R. Af. Criotberium L. Plioc. 
EEu. Damalavus L. Plioc. NAf. Eu. Damaliscus U. Mioc. 
R. Af. Damalops U. Mioc. L. Pleist. EAs. SAs. Depere- 
tia U. Plioc. Eu. Dorcadoryx U. Plioc. As. Dorcadoxa U. 
Mioc. As. Eotragus [Eocerus Murphelapbus ] Mioc. Af. 
As. L.-U. Mioc. Eu. Euceratherium [Aftonius Prepto- 
ceras] Pleist. NA. Eusyncerus L. Plioc. Eu. Gallogoral U. 
Plioc. Eu. Gangicobus L. Pleist. SAs. Gazella [Antidor- 
cas Gazelloportax Procapra] U. Mioc. L. Pleist. Eu. M. 
Mioc. R. As. Af. Gobicerus M. Mioc. EAs. Helicopor- 
tax M.-U. Mioc. SAs. Helicotragus [Helioceras Helico- 
phora] U. Mioc. EEu. SWAs. Hemibos [Amphibos Peri- 
bos ?Probunalis] U. Plioc. As. Hemistrepsiceros L. Plioc. 
EEu. Hemitragus PPlioc. Pleist. As. L. Plioc. Pleist. Eu. 
R. As. Hesperidoceras U. Plioc. Eu. Hippotragus U. 
Mioc. Eu. ?U. Plioc. As. L. Pleist. R. Af. Hydaspicobus 
U. Plioc. L. Pleist. SAs. Hypsodontus M. Mioc. EEu. 
lndoredunca U. Plioc. L. Pleist. SAs. Kabulicornis L.-U. 
Plioc. As. Kobikeryx U. Mioc. L. Plioc. SAs. Kobus 
[Cobus] U. Mioc. As. Plioc. R. Af. Kubanotragus M. 
Mioc. As. Leptobos [Epileptobos] U. Mioc. U. Plioc. Af. 
L. Pleist. Eu. As. U. Pleist. EInd. Leptotragus L. Plioc. 
EEu. SWAs. Lyrocerus U. Mioc. L. Plioc. EAs. Mado- 
qua U. Mioc. U. Plioc. Af. Makapania U. Plioc. L. Pleist. 
Af. Megalotragus Pleist. Af. Megalovis U. Plioc. L. Pleist. 
EAs. U. Plioc. Eu. Menelikia L. Pleist. Af. Mesembria- 
cus U. Mioc. SWAs. Mesembriportax L. Plioc. Af. Mi- 
crotragus L. Plioc. EEu. SWAs. Mitragocerus [ Dystych - 
oceras] U. Mioc. L. Plioc. Eu. As. Myotragus Pleist. Med. 
Naemorhaedus ?U. Pleist. Eu. Pleist. R. As. Neotragoce- 
rus U. Mioc. L. Plioc. NA. Nisidorcas U. Mioc. Eu. 
Oioceros L.-U. Mioc. As. M. Mioc. Af. U. Mioc. Eu. 
Olonbulukia L. Plioc. EAs. lOrasius U. Mioc. SWAs. 
Orchonoceros L. Plioc. As. Oreamnos U. Pleist. NA. 
Oreonager U. Plioc. NAf. Oreotragus U. Plioc. R. Af. 
Orygotherium M. Mioc. Eu. Oryx U. Plioc. U. Pleist. Af. 
SWAs. Ovibos [Parovibos Praeovibos] Pleist. Eu. As. 
Pleist. R. NA. Ovis [Ammotragus Caprovis Pachyceros [ 
U. Mioc. R. As. Eu. L. Pleist. R. NA. NAf. Pacbyga- 
zella L. Plioc. EAs. Pachyportax L. Plioc. L. Pleist. SAs. 
Pachytragus M. Mioc. L. Plioc. EEu. SWAs. Plioc. NAf. 
Palaeohyopsodontus M. Olig. EAs. Palaeoreas U. Mioc. 
L. Plioc. Eu. L. Plioc. As. NAf. Palaeoryx L. Plioc. As. 
Eu. Af. Pantholops Pleist. R. As. Parabos L.-U. Plioc. Eu. 
Af. Paraprotoryx U. Mioc. EAs. Parmularius U. Plioc. L. 
Pleist. Af. Parurmiatherium L. Plioc. As. EEu. Pelea 
Pleist. R. Af. Pelorovis L.-U. Pleist. Af. Perimia L. Plioc. 
SAs. Platybos L. Pleist. SAs. Platycerabos [Parabos] Pleist. 
R. NA. Plesiaddax L. Plioc. EAs. Eu. Pliotragus [De- 
peretia] L. Pleist. Eu. Praeovibos L. Pleist. As. U. Pleist. 
NA. Proamphibos L. Plioc. L. Pleist. SAs. Procampto- 
ceras L. Plioc. L. Pleist. Eu. Procapra U. Pleist. R. As. 
Procobus L, Plioc. EEu. Prodamaliscus L. Plioc. EEu. 
SWAs. Proleptobos L. Plioc. SAs. Prosinotragus L. Plioc. 
EAs. Eu. Prostrepsiceros U. Mioc. L. Plioc. EEu. SWAs. 
U. Mioc. EAs. Af. Protoryx ?M. Mioc. SWAs. L. Plioc. 
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EEu. As. Protragelapbus L. Plioc. EEu. SWAs. Protra- 
gocerus [ Paratragoceros ] L.-U. Mioc. Af. M. Mioc. As. 
U. Mioc. Eu. Pseudobos U. Mioc. As. Pseudotragus M. 
Mioc. EAs. ?Af. L. Plioc. EEu. SWAs. Pultiphagnoides L. 
Plioc. As. L. Pleist. Af. Qurlignoria L. Plioc. EAs. Ra- 
baticeras Pleist. NAf. Rapbicerus Redunca [ Cervicapra ] 
L. Plioc. Pleist. R. Af. Rbyncotragus ?U. Mioc. Af. 
Rhynotragus Pleist. Af. Rupicapra L. Pleist. R. Eu. SWAs. 
Ruticeros U. Mioc. As. Pleist. Af. Saiga Pleist. R. As. 
EEu. NA. Samokeras U. Mioc. Eu. Selenoportax L. Plioc. 
SAs. Eu. Shensispira U. Mioc. EAs. Simatberium ?L. 
Plioc. L. Pleist. Af. Sinoreas L. Plioc. EAs. Sinoryx L. 
Plioc. EAs. Sinotragus L. Plioc. EAs. Eu. Sivacapra L. 
Pleist. SAs. Sivaceros L. Plioc. SAs. Sivacobus Sivaden- 
ota L. Pleist. SAs. Sivaportax L. Plioc. SAs. Sivatragus U. 
Plioc. L. Pleist. As. Sivoreas M. Mioc. L. Plioc. SAs. Si- 
voryx L. Pleist. SAs. Soergelia Pleist. Eu. ?As. NA. Spi- 
rocerus U. Plioc. U. Pleist. As. Sporadotragus U. Mioc. 
Eu. Strepsiportax U. Mioc. As. Strogulognathus U. Mioc. 
Eu. Symbos [Scaphoceros] Pleist. NA. Syncerus ?U. Plioc. 
Eu. Pleist. R. Af. Tetracerus Pleist. R. SAs. Tbalero- 
ceros L. Pleist. EAf. Toribos L. Plioc. Eu. Torticornis U. 
Mioc. EAs. Tossunnoria M. Mioc. SWAs. L. Plioc. EAs. 
Tragelaphus U. Mioc. U. Pleist. Af. Tragocerus [Austro- 
portax Dysticboceras Graecoryx Indotragus Pikertnice- 
rus Pontoportax Tragoportax ] U. Mioc. L. Plioc. Eu. L. 
Plioc. NAf. As. Tragoportax U. Mioc. Eu. As. Trago- 
reas U. Mioc. L. Plioc. EEu. As. Tragospira U. Plioc. L. 
Pleist. Eu. Tsaidamotherium L. Plioc. EAs. Ugandax U. 
Mioc. L. Pleist. Af. Urmiatberium U. Mioc. L. Plioc. As. 
Eu. Vishnucobus L. Pleist. SAs. 

SUl’ERFAMILY BOVOIDEA INCERTAE SF.DIS Amphimoscbus L. 
Mioc. Eu. 

ORDER ARTIODACTYLA INCERTAE SEDIS Aksyria L. EoC. As. 
Dulcidon M. Eoc. SAs. Raphenacodus M. Eoc. EAs. Tragu- 
lohyus L. Olig. Eu. 

order mesonychia (ACREODi) Mesonychidae Andrewsarchus 
U. Eoc. EAs. Ankalagon L. Paleoc. NA. Dissacus [Hyaen- 
odictis] M. Paleoc. L. Eoc. NA. U. Paleoc. M. Eoc. Eu. ?M.- 
U. Paleoc. EAs. Dissacusium L. Paleoc. As. Guilestes U. Eoc. 
EAs. Hapalodectes L. Eoc. NA. ?U. Paleoc. Eoc. As. Har- 
pagolestes M.-U. Eoc. NA. U. Eoc. L. Olig. As. Honatio- 
don M.-U. Eoc. As. Hukoutherium L.-M. Paleoc. EAs. 
Ichtbyolestes M. Eoc. SAs. Jiangxia U. Paleoc. EAs. Lihoo- 
don U. Eoc. EAs. Lophoodon U. Eoc. As. Mesonyx M.-U. 
Eoc. NA. U. Eoc. EAs. Metahapalodectes U. Eoc. As. Mi- 
croclaenodon M. Paleoc. NA. Mongolestes L. Olig. As. 
Mongolonyx M.-U. Eoc. EAs. Pacbyaena ?U. Paleoc. L.-U. 
Eoc. EAs. L. Eoc. Eu. NA. Plagiocristodon U. Paleoc. L. Eoc. 
EAs. Synoplotberium [ Dromocyott ] M. Eoc. NA. Wyolestes 
L. Eoc. NA. Yantanglestes M.-U. Paleoc. EAs. 

ORDER CETACEA 

suborder archaeoceti Protocetidae Eocetus U. Eoc. NAf. 
Gandakasia Ichtbyolestes Pakicetus M. Eoc. SAs. Pappo- 
cetus M. Eoc. WAf. Protocetus M. Eoc. NAf. NA. SAs. 
Basilosauridae (Zeuglodontidae) Basilosaurus [Hydrargos 
Zeuglodott] U. Eoc. NA. NAf. Dorudon U. Eoc. NAf. NA. 
fPlatyospbys L. Olig. Eu. iPontogeneus U. Eoc. NA. Pro- 
zeuglodon M.-U. Eoc. NAf. Zygorhiza U. Eoc. NA. Eu. 


SUBORDER ARCHAEOCETI INCERTAE SEDIS Microzeuglodon U. 
Olig. Eu. Kekenodon L. Olig. or L. Mioc. NZ. Pachyce- 
tus M. Eoc. Eu. 

suborder odontoceti Kentriodontidae Detphinodon 
Kampholophus Kentriodon M. Mioc. NA. Leptodelpbis U. 
Mioc. EEu. Liolitbax Lophocetus M. Mioc. NA. Micro- 
phocaena U. Mioc. EEu. Pithanodelpbis U. Mioc. Eu. 
Sarmatodelphis U. Mioc. EEu. Squalodontidae Australos- 
qualodon Olig. Aus. Eosqualodon U. Olig. Eu. Metas- 
qualodon L. Mioc. Aus. Microcetus U. Olig. Eu. Neos- 
qualodon L. Mioc. Eu. Oligodelphis M. Olig. SWAs. 
Parasqualodon U. Olig. Aus. Patriocetus U. Olig. Eoc. Eu. 
Phoberodort L. Mioc. SA. Prosqualodon Olig. Aus. L. 
Mioc. SA. NZ. Sachalinocetus L. Mioc. EAs. Saurocetus U. 
Mioc. NA. Squalodon [Phocodon Rhytisodon] L.-U. Mioc. 
Eu. M.-U. Mioc. NA. Mioc. NZ, Sulakocetus U. Olig. 
SWAs. Tangaroasaurus L. Mioc. NZ. Platanistidae Allo- 
delphis Mioc. NA. Anisodelpbis U. Mioc. SA. Hesperoce- 
tus U. Mioc. NA. Iscbyrorhyncbus U. Mioc. SA. Pachy- 
acantbus U. Mioc. Eu. Pontistes Pontivaga L. Plioc. SA. 
Proinia L. Mioc. SA. Rhabdosteus M. Mioc. NA. Sauro- 
delphis [Pontoplanodes Saurocetes ] M.-U. Mioc. SA. Zar- 
bachis M. Mioc. NA. Ziphiidae Anoplonassa M.-U. Mioc. 
NA. Belemnozipbius U. Mioc. Eu. NA. Cetorbyncbus M.- 
U. Mioc. Eu, Choneziphius U. Mioc. U. Plioc. Eu. U. 
Mioc. NA. Eborozipbius U. Mioc. NA. Incacetus M. Mioc. 
SA. Mesoplodon U. Mioc. U. Plioc. Eu. U. Mioc. NA. 
Plioc. Aus. R. Oc. Palaeoziphius U. Mioc. Eu. Prorozi- 
pbius U. Mioc. NA. Squalodelphis L. Mioc. Eu. Zi- 
phioides M. Mioc. Eu. Ziphirostrum [Mioziphius] U. Mioc. 
Eu. Delphinidae Agabelus M. Mioc. NA. Anacharsis U. 
Mioc. SWAs. Araeodelphis M. Mioc. NA. Belosphys Cet- 
erhinops M. Mioc. NA. Delphinavus L.-U. Mioc. NA. 
Delpbinopsis U. Mioc. Eu. Delpkinus L. Plioc. Pleist. Eu. 
R. Oc. Globicepbala Pleist. NA. R. Oc. Goniodelphis M. 
Mioc. NA. Hadrodelphis M. Mioc. Imerodelphis U. Mioc. 
SWAs. Iniopsis L.-U. Mioc. Eu. Ixacanthis M. Mioc. NA. 
Macbrochirifer U. Mioc. Eu. Megalodelphis M. Mioc. NA. 
Orcinus U. Mioc. R. Oc. Pelodelphis M. Mioc. NA. 
Phocageneus M. Mioc. Protodelpbinus L. Mioc. Eu. Ste- 
nella ?M. Mioc. Plioc. Steno L. Plioc. Eu. R. Oc. Stereo- 
delpbis M. Mioc. Eu. Tretospbys M. Mioc. NA. Tursiops 
[Tursio] L. Pleist. Eu. NA. R. Oc. Rhabdosteidae (Eurhi- 
nodelphidae) Argyrocetus L. Mioc. SA. Eurhinodelphis M. 
Mioc. NA. U. Mioc. Eu. EAs. Hemisynthachelus U. Mioc. 
Eu. Macrodelphinus L. Mioc. NA. Ziphiodelpbis L. Mioc. 
Eu. Albireonidae Albireo U. Mioc. NA. Acrodelphidae 
Acrodelpbis L.-U. Mioc. Eu. M. Mioc. NA. Champsodel- 
pbis M. Mioc. Eu. Cyrtodelpbis L.-U. Mioc. Eu. Hetero- 
delpbis M.-U. Mioc. Eu. Potamodelphis U. Mioc. NA. 
fSchizodelphis [Cyrtodelpbis] L. Mioc. Af. L. Mioc. L. 
Plioc. Eu. M. Mioc. L. Plioc. NA. Monodontidae (Del- 
phinapteridae) Delphinapterus U. Mioc. Eu. NA. R. NOc. 
Denebola U. Mioc. NA. Monodon Pleist. Eu. NA. Pho- 
caenidae Loxolitbax M. Mioc. NA. Palaeopbocaena U. 
Mioc. Eu. Phocaena [ Phocaenoides \ U. Mioc. EAs. R. Oc. 
Pbocaenopsis L. Mioc. NZ. Piscolithax L. Plioc. SA. U, 
Mioc. NA. Protophocaena U. Mioc. Eu. Salumniphocaena 
U. Mioc. NA. Pontoporiidae Parapotitoparia U. Mioc. U. 
Plioc. NA. Pliopontos L. Plioc. SA. Pontistes Plioc. SA. 
Prolipotes ?Mioc. EAs. Physeteridae Apenopbyseter L. 
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Mioc. SA. Auiophyseter M. Mioc. NA. Balaenodon U. 
Mioc. Eu. Diaphorocetus L. Mioc. SA. Dinoziphius M.-U. 
Mioc. NA. Haplocetus U. Mioc. NA. Hoplocetus M. Mioc. 
Eu. ?L. Plioc. NA. Idiophyseter M. Mioc. NA. Idioro- 
phus L. Mioc. SA. Kogiopsis L. Plioc. NA. Ontocetus M. 
Mioc. EAs. M.-U. Mioc. NA. Orycterocetus M. Mioc. NA. 
Pbyseter L. Mioc. Eu. U. Mioc. NA. R. Oc. Physeterula 
L.-U. Mioc. Eu. Physetodon L. Plioc. Aus. Plesiocetopsis 
[ Plesiocetus ] Mioc. SA. U. Mioc. NA. L. Plioc. Eu. Prae- 
kogia U. Mioc. NA. Priscophyseter U. Mioc. Eu. Prophy- 
seter U. Mioc. Eu. Scaldicetus ?L. Mioc. U. Mioc. Eu. ?L. 
Plioc. Aus. Thalassocetus U. Mioc. Eu. Agorophiidae 
Agorophius U. Olig. NA. 

SUBORDER ODONT OCETI INCERTAE SEDIS AgriocetUS U. Olig. 
Eu. Eoplatanista L. Mioc. Eu. Lamprolithax M. Mioc. NA. 
Lonchodelphis U. Mioc. NA. Miodelphis L. Mioc. NA. 
Nannolithax Oedolithax Platylithax M. Mioc. NA. Xeno- 
rophus U. Olig. NA. 

suborder mysticeti Aetiocetidae Aetiocetus U. Olig. NA. 
Cetotheriidae Amphicetus L. Plioc. Eu. Cephalotropis U. 
Mioc. NA. Cetotheriomorphis M.-U. Mioc. Eu. Cetother- 
iopsis U. Olig. Eu. L. Mioc. SA. Cetotherium U. Mioc. L. 
Plioc. Eu. Cophocetus M. Mioc. NA. Diorocetus M. Mioc. 
NA. Eucetotberium M.-U. Mioc. Eu. Herpetocetus U. 
Mioc. Eu. Heterocetus M.-U. Mioc. Eu. lmerocetus U. 
Mioc. SWAs. Isocetus ?M. Mioc. NA. U. Mioc. Eu. 
Mauicetus M. Olig. L. Mioc. NZ. Mesocetus ?M. Mioc. 
NA. M.-U. Mioc. Eu. Metopocetus U. Mioc. NA. Eu. 
Mixocetus Nanisocetus Parietobalaena U. Mioc. NA. Pel- 
ocetus Peripolocetus M. Mioc. NA. Rhegnopsis Sipbono- 
cetus U. Mioc. NA. Tipbyocetus M. Mioc. NA. Eschri- 
chtiidae (Rhachianectidae) Eschrichtius U. Pleist. NA. R. 
NPac. Balaenopteridae R. Oc. Balaenoptera [ Cetotherio - 
phattes] U. Mioc. Pleist. Eu. L. Plioc. Pleist. NA. Pleist. As. 
R. Oc. Burtinopsis U. Mioc. Eu. Idiocetus Mioc. EAs. U. 
Plioc. Eu. Megaptera L. Plioc. Pleist. NA. U. Plioc. Eu. R. 
Oc. Megapteropsis L. Plioc. Eu. Mesoteras U. Mioc. NA. 
Notiocetus L. Plioc. SA. Palaeocetus U. Mioc. Eu. Plesi- 
ocetus Mioc. SA. U. Mioc. NA. L. Plioc. Eu. Balaenidae 
R. Oc. Aglaocetus L. Mioc. SA. Balaena Plioc. Aus. L. 
Plioc. Pleist. Eu. R. Arc. Oc. Balaenotus Balaenula U. 
Mioc. Plioc. Eu. Eschrictius [ Rhachianectes ] M. Mioc. Eu. 
R. NPac. Morenocetus L. Mioc. SA. Protobalaena L. Plioc. 
Eu. 

order cetacea incertae sedis Arcbaeodelphis U. Olig. NA. 
Chonecetus Olig. NA. Ferecetotherium Olig. WAs. Miroce- 
tus Olig. SWAs. Nannocetus U. Mioc. NA. 

order perissodactyla 

SUBORDER HIPPOMORPHA 

superfamily equoidea Equidae Anchitherium [Kaloba- 
tippus Parancbitherium ] L.-M. Mioc. NA. M. Mioc. Eu. 
M. Mioc. L. Plioc. As Archaeobippus L.-M. Mioc. NA. 
Astrohippus U. Mioc. NA. Calippus M. Mioc. NA. 
Cormohipparion M.-U. Mioc. As. Eu. NA. Dinohippus 
U. Mioc. NA. Epihippus [Duchesnebippus] U. Eoc. NA. 
Equus [Allohippus Allozebra Amerhippus Asinus Doli- 
chohippus Hemionus Hesperohippus Hippotigris Kolpo- 
bippus Kreterofhippus Neobippus Onager Plesippus etc.] 
M. Plioc. U. Pleist. NA. Plioc. R. As. Af. Eu. Pleist. SA. 


Gobihippus U. Eoc. NAs. Haplohippus L. Olig. NA. 
Hipparion [Hemihipparion Hippotherium Notobipparion 
Proboscidohipparion ] M.-U. Mioc. NA. U. Mioc. L. 
Pleist. Eu. Af. As. M. Pleist. Af. Hippidioti [Hippidiwn 
Plagiohippus Stereohippus] Pleist. SA. Hippodon L.-M. 
Mioc. NA. Hypohippus M. Mioc. NA. Hyracotherium 
[Eobippus Protorobippus Xenicohippus ] L. Eoc. NA. Eu. 
As. Lopbiopus U. Eoc. Eu. Lophiotberium M.-U. Eoc. 
Eu. Megabippus M. Mioc. NA. Merycbippus [Eoequus \ 
M. Mioc. Plioc. NA. Mesohippus [Pediohippus] L.-M. 
Olig. NA. Miohippus M. Olig. L. Mioc. NA. Nannip- 
pus M. Mioc. L. Pleist. NA. Neohipparion M.-U. Mioc. 
NA. Onohippidium [Hyperhippus] U. Mioc. NA. Pleist. 
SA. Orohippus M. Eoc. NA. Parabippus L. Mioc. NA. 
Pliohippus M. Mioc. NA. Protobippus L.-U. Mioc. NA. 
Pseudbipparion M. Mioc. U. Mioc. NA. Sinohippus M. 
Mioc. As. Stylohipparion Plioc. Pleist. Af. Palaeotheri- 
idae Anchilophus M.-U. Eoc. Eu. Leptolophus M. Eoc. 
Eu. Pachynolopbus M.-U. Eoc. Eu. Palaeotherium U. Eoc. 

L. Olig. Eu. Paraplagiolophus M. Eoc. Eu. Plagiolopbus 
[ Paloplotherium ] M. Eoc. L. Olig. Eu. Propachynolo- 
pbus L.-M. Eoc. Eu. Propalaeotherium M. Eoc. L. Olig. 
Eu. ?L. Eoc. M. Eoc. As. Pseudopalaeotherium L. Olig. 
Eu. 

superfamily brontotherioidea Brontotheriidae (Titan- 
otheriidae) Acrotitan Arctotitan U. Eoc. EAs. Brachy- 
diastematherium U. Eoc. EEu. Brontops [Diploclonus 
Megacerops] Brontotherium L. Olig. NA. Desmatotitan 

M. -U. Eoc. EAs. Dianotitan U. Eoc. EAs. Diplacodon 
Dolicborbinus U. Eoc. NA. Dolichothinoides U. Eoc. 
EAs. Ducbesneodus U. Eoc. NA. Embolotherium L.-M. 
Olig. As. Eotitanops L. Eoc. NA. M. Eoc. As. Eotitan- 
otherium U. Eoc. NA. Epimanteoceras U. Eoc. L. Olig. 
EAs. Gnathotitan U. Eoc. As. Heterotitanops U. Eoc. 
NA. Hyotitan M. Olig. EAs. Lambdotherium L. Eoc. 
NA. ?EAs. Limnohyops M. Eoc. NA. Manteoceras M.-U. 
Eoc. NA. U. Eoc. ?NAs. Megacerops [Symborodon] L. 
Olig. NA. Menodus [Allops Titanotberium \ L. Olig. NA. 
Eu. EAs. Mesatirhinus Metarhinus M.-U. Eoc. NA. Me- 
tatelniatherium U. Eoc. EAs. NA. Metatitan L.-M. Olig. 
As. Microtitan M.-?U. Eoc. EAs. Pachytitan U. Eoc. EAs. 
Pakotitanops M. Eoc. SAs. Palaeosyops L. Eoc. As. L.-M. 
Eoc. NA. Parabrotitops U. Eoc. L. Olig. EAs. Protem- 
bolotherium U. Eoc. L. Olig. EAs. Protitan U. Eoc. ?L. 
Olig. As. Protitanops L. Olig. NA. Protitanotherium U. 
Eoc. NA. EAs. Rhadinorbinus U. Eoc. NA. Rhinotitan 
U. Eoc. L. Olig. EAs. Sivatitanops U. Eoc. SAs. Spben- 
ocoelus Sthenodectes U. Eoc. NA. Teleodus U. Eoc. L. 
Olig. NA. Telmatherium M. Eoc. NA. ?EAs. Titano- 
dectes U. Eoc. L. Olig. EAs. 

suborder ancylopoda Eomoropidae Eomoropus U. Eoc. 
NA, EAs. L. Olig. As. Grangeria U. Eoc. EAs. ?NA. Lu- 
nania U. Eoc. EAs. Paleomoropus L. Eoc. NA. Chalicoth- 
eriidae Ancylotherium [Circotberium Nestoritherium] M. 
Mioc. L. Plioc. Eu. U. Mioc. EAs. L. Pleist. Af. Borissi- 
akia U. Olig. WAs. C halicotherium [ Macrotherium \ L. 
Mioc. L. Plioc. As. Eu. L. Mioc. Af. Chemositia U. Mioc. 
Af. Limognitherium L. Olig. Eu. Litolophus U. Eoc. EAs. 
Lopbiaspis L.-M. Eoc. Eu. Macrotherium M.-U. Mioc. EAs. 
Moropus L. Mioc. As. L.-M. Mioc. NA. Nestoritherium M. 
Mioc. L. Pleist. As. Olsenia U. Eoc. EAs. Phyllotillon 
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[Metaschizotherium] U. Olig. L. Mioc. As. L. Mioc. Eu. ?L. 
Mioc. L. Pleist. Af. Scbizotherium Olig. Eu. U. Eoc. L. 
Mioc. As. Tylocepbalonyx L.-M. Mioc. NA. 

SUBORDER CERATOMORPHA 

superfamily tapiroidea Isectolophidae Homogalax [Sys- 
temodon] L. Eoc. NA. EAs. Isectolophus [Parisectolo- 
phus Schizolopbodon ] M.-U. Eoc. NA. M. Eoc. EAs. 
Paralophidon M. Eoc. Eu. Sastrilophus M. Eoc. SAs. 
Helaletidae (Hyrachyiidae) Atalonodon M. Eoc. Eu. 
Chasmotberium L.-U. Eoc. Eu. M. Eoc. Ind. Colodon 
[Paracolodon] L.-U. Olig. NA. M. Eoc. U. Olig. EAs. 
ZCymbalophus U. Paleoc. Eu. Dilopbodon [ Heteraletes ] 
M.-U. Eoc. NA. Helaletes [Chasmotheroides Desmatoth- 
erium Veragromovia ] M.-U. Eoc. NA. L.-U. Eoc. EAs. 
Heptodon L. Eoc. EAs. NA. Hyracbyus U. Eoc. Eu. NA. 
M.-U. Eoc. As. Paracolodon L. Olig. As. Selenaletes L. 
Eoc. NA. Veragromovia M. Eoc. As. Lophialetidae Bre- 
viodon Lopbialetes U. Eoc. EAs. Eoletes M. Eoc. As. 
Parabreviodon U. Eoc. EAs. Pataecops M. Eoc. EAs. 
Schlosseria M.-U. Eoc. As. Simplaletes U. Eoc. NAs. 
Zbongjianoletes U. Eoc. EAs. Deperetellidae Deperetella 
[Cristidentinus Diplophodon ] M.-U. Eoc. ?M. Olig. EAs. 
L. Pleist. Eu. Diplolophodon U. Eoc. As. Teleolophus M. 
Eoc. M. Olig. As. Lophiodontidae Lopbiodon L.-U.Eoc. 
Eu. ?U. Eoc. EAs. Rhinocerolopbiodon M. Eoc. Eu. 
Tapiridae Miotapirus L. Mioc. NA. Palaeotapirus [ Par - 
atapirus ] L. Mioc. Eu. L.-M. Mioc. As. Protapirus U. 
Olig. Eu. M. Olig. L. Mioc. NA. Selenolophodon M. 
Mioc. As. Tapiravus L.-U. Mioc. NA. Tapirus [Megata- 
pirus Tapiriscus] L. Olig. Pleist. Eu. L. Olig. R. NA. 
Mioc. R. SAs. Pleist. R. SA. 

tapiroidea incertae sedis Euryletes M. Eoc. EAs. ln- 
dolphus U. Eoc. As. 

superfamily RHINOCEROTOIDEA Hyracodontidae Allacer- 
ops L. Olig. As. Aprotodon U. Olig. L. Mioc. As. Ar- 
dynia [Ergilia] Olig. EAs. Benaritherium U. Olig. As. 
Caenolophus M. Eoc. L. Olig. As. Dzungariotherium M.- 
U. Olig. As. Eggysodon M.-U. Olig. Eu. Epitriplopus U. 
Eoc. NA. Forstercooperia [ Cooperia ] M. Eoc. L. Olig. 
As. U. Eoc. NA. Guixia U. Eoc. L. Olig. As. Hyraco- 
don L. Olig. L. Mioc. NA. llianodon U. Eoc. L. Olig. 
EAs. Imeguincisoria U. Eoc. As. Juxia U. Eoc. As. Pappa- 
ceras U. Eoc. EAs. Paraceratherinm [Aralotherium] M. 
Olig. L. Mioc. As. Prohyracodon M. Eoc. Eu. L. Eoc. L. 
Olig. EAs. Prothyracodon U. Eoc. NA. ?As. Rhodopa- 
gus L.-U. Eoc. EAs. Symphyssorrhachis L. Olig. EAs. 
Triplopus L.-M. Eoc. ?M. Olig. As. M.-U. Eoc. NA. 
Urtinotherium M. Eoc. L. Olig. EAs. Amynodontidae 
Amynodon [Sharamynodon] U. Eoc. L. Olig. NA. EAs. 
Amynodontopsis U. Eoc. NA. Cadurcodon U. Eoc. U. 
Olig. As. M. Olig. Eu. Cadurcotberium Olig. Eu. L. 
Mioc. As. Euryodon M. Eoc. As. Gigantamynodon U. 
Eoc. L. Olig. EAs. Hypsamynodon L. Olig. EAs. Huan- 
anodon U. Eoc. L. Olig. EAs. Lushiamynodon PM.-U. 
Eoc. EAs. Metamynodon [Cadurcopsis] U. Eoc. U. Olig. 
NA. ?U. Eoc. L. Mioc. EAs. Paracadurcodon ?U. Eoc. 
L. Olig. EAs. Paramynodon Procadurcodon U. Eoc. As. 
Sharamynodon U. Eoc. L. Olig. As. Sianodon U. Eoc. L. 
Olig. EAs. Teilbardia U. Eoc. EAs. Toxotherium L. Olig. 


NA. Zaisanamynodon U. Eoc. As. Rhinocerotidae Acer- 
atberium [Acerorbinus Turkanatberium] M. Olig. L. Plioc. 
Eu. U. Olig. L. Plioc. Elrid. ?M. Olig. Mioc. Af. U. Plioc. 
EInd. Amphicaenopus L.-U. Olig. NA. Aphelops Mioc. 
NA. Beliajevina M. Mioc. SWAs. Brachydiceratherium L. 
Mioc. Eu. Bracbypotherium [Indotherium Thaumasto- 
tberium) U. Olig. L. Plioc. As. Mioc. Af. L. Mioc. M. 
Mioc. NA. Caenopus L.-U. Olig. NA. M. Olig. EAs. 
Ceratotberium U. Mioc. Pleist. Af. Cbilotberium L. Mioc. 
U. Mioc. As. Af. Eu. Coelodonta [ Tichorhinus ] Pleist. Eu. 

L. Mioc. U. Pleist. As. Diceratherium [ Metacaenopus 
Menoceras ] U. Olig. Eu. U. Olig. M. Mioc. NA. M. 
Mioc. CA. L.-U. Mioc. As. Dicerorbinus [Ceratorbinus] 
U. Olig. R. As. L. Mioc. Pleist. Eu. L. Mioc. U. Plioc. 
NAf. Diceros [Atelodus Ceratotberium Opsiceros Pliodi- 
ceros fSerenageticeros] M.-U. Mioc. Eu. U. Plioc. R. Af. 
U. Mioc. As. Didermocerus M. Mioc. Eu. Dromacer- 
atherium L. Mioc. Eu. Elasmotherium Pleist. Eu. L.-U. 
Pleist. NAs. Floridaceras L. Mioc. NA. Gaindatherium 

M. -U. Mioc. As. L. Mioc. Eu. Hispanotberium M. Mioc. 
Eu. As. Huangotberium U. Mioc. As. Indricotberium 
[Baluchitherium] U. Eoc. L. Mioc. As. L. Mioc. Eu. 
Iranotberium L. Plioc. Eu. Lartertotherium L.-M. Mioc, 
Eu. Menoceras L.-M. Mioc. NA. Mesaceratherium U. 
Olig. M. Mioc. Eu. M. Mioc. SWAs. Mescbotherium U. 
Olig. L. Mioc. As. Moscboedestes L. Mioc. NA. Para- 
diceros M. Mioc. Af. Penetrigonias L. Olig. NA. Pera- 
ceras U. Mioc. L. Plioc. NA. Plesiaceratherium M.-U. 
Mioc. EAs. U. Mioc. Eu. Pleuroceros U. Olig. ?L. Plioc. 
Eu. L. Mioc. ?L. Plioc. As. Preaceratberium M. Olig. Eu. 
Proaceratberium L. Mioc. Eu. Prosantorbinus L. Mioc. 
Eu. As. Rhinoceros [Procerorbinus] M. Mioc. Eu. U. 
Mioc. U. Plioc. L. Pleist. R. As. EInd. Ronzotherium 
[Paracaenopus] L.-U. Olig. Eu. Stephanorhinus L. Plioc. 
?As. L. Plioc. U. Pleist. Eu. U. Plioc. SWAs. Subhyraco- 
don L.-M. Olig. NA. Teleoceras [Aprotodon] M. Mioc. 
L. Plioc. NA. Plioc. EAs. Tesselodon M. Mioc. As. Tri- 
gonias L. Olig. NA. Eu. Ceratomorpha incertae sedis 
Schizotheroides U. Eoc. NA. 

ORDER PROBOSCIDEA 

’suborder moeritherioidea Anthracobunidae Anthraco- 
bune [Usbatberiutn] M. Eoc. SAs. Isbatherium L. Eoc. SAs. 
Jozaria M. Eoc. SAs. Lammidbania M. Eoc. Ind. Pilgri- 
mella M. Eoc. SAs. Moeritheriidae Moeritberium U. Eoc. 
L. Olig. NAf. PSAs. 

suborder euelephantoidea Gomphotheriidae (Trilopho- 
dontidae) Amebelodon U. Mioc. NA. Anacus [ Dibunodon 
Pentalopbodon] U. Mioc. U. Plioc. Eu. Af. As. L. Pleist. 
Eu. Af. Choerolophodon M.-U. Mioc. Eu. As. Af. Cuvi- 
eronius [Cordillerion Teleobunomastodon] Mioc. U. Pleist. 
NA. Eubelodon U. Mioc. NA. Gomphotherium [ Bunolo - 
pbodon Cheorolopbodon ?Geisotodon Genomastodon 
fHemilophodon Megabelodon iProtanancus Tatabelodon 
Tetrabelodon Trilopbodon ] L. Mioc. L. Plioc. Eu. L.-U. 
Mioc. As. L.-U. Mioc. Af. U. Mioc. L. Plioc. NA. Flaplo- 
mastodon ?M. Plioc. NA. Megabelodon U. Mioc. NA. 
Notiomastodon U. Pleist. SA. Palaeomastodon Phiomia L. 
Olig. ?U. Olig. NAf. Pentalopbodon U. Plioc. As. Platy- 
belodon [ Torynobelodon ] L. Mioc. Af. U. Mioc. As. NA. 
Protanancus L.-M. Mioc. Af. Rbyncbotherium [ Aybelodon 
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Blickotheriwn Dibelodon} L. Mioc. Af. M. Mioc. Eu. U. 
Mioc. L. Pleist. NA. U. Mioc. L. Plioc. As. Stegomasto- 
don [Aleamastodon Haplomastodon Rhabdobunus] U. Plioc. 
Pleist. NA. Pleist. SA. Stegotetrabelodon U. Mioc. Eu. U. 
Mioc. M. Plioc. Af. Synconolophus U. Mioc. U. Plioc. As. 
Eu. Tetralophodon [Lydekkeria Morrillia] M.-U. Mioc. Eu. 
U. Mioc. L. Plioc. As. NA. Elephantidae Elephas [Hypse- 
lepbas Platelephas] Pleist. R. As. L. Plioc. U. Pleist. Af. 
Pleist. Eu. Loxodonta [Hesperoloxodon Omoloxodon Pa- 
laeoloxodon Pbanagaroloxodon Pilgrimia Sivalikia] L. Pleist. 
R. Af. Mammutbus \Archidiskodon Dicyclotherium Me- 
tarchidoskodon Parelephas Stegoloxodon] L.-U. Plioc. Af. 
L.-U. Pleist. Eu. As. Elnd. Pleist. NA. Primelepbas U. Mioc. 
L. Plioc. Af. Stegodibelodon L.-M. Plioc. NAf. 

suborder mammutoidea Stegodontidae Stegodon [ Paras - 
tegodon Platy stegodon] L. Plioc. Pleist. Af. U. Plioc. Pleist. 
As. Pleist. Elnd. Stegolopbodon [ ?Eostegodon ] L. Mioc. 
Pleist. Af. U. Mioc. U. Plioc. As. U. Plioc. Eu. L.-U. Pleist. 
Elnd. Mammutidae Mammut U. Mioc. L. Plioc. U. L. 
Plioc. U. Pleist. NA. Miomastodon M.-U. Mioc. NA. Pa- 
laeomastodon L. Olig. NAf. Pliomastodon U. Mioc. NA. 
Zygolophodon L.-U. Mioc. Eu. Af. As. 

suborder deinotherioidea Deinotheriidae Deinotberium 
L. Mioc. U. Mioc. Eu. As. L. Mioc. M. Pleist. Af. Prod- 
einotherium L. Mioc. Af. Eu. SAs. 

suborder barytherioidea Barytheriidae Barytberium U. 
Eoc. NAf. 

order sirenia Prorastomidae Prorastomus M. Eoc. W.Ind. 
Dugongidae (Halicoridae) R. WPac. Ind. Oc. Red Sea Ani- 
sosiren M. Eoc. Anomotherium M.-U. Olig. EAs. Caribosi- 
ren M. Olig. Wind. Dioplotherium L.-M. Mioc. Eu. Dusisi- 
ren M.-U. Mioc. L. Plioc. NA. Eotheroides [Arcbaeosiren 
Eosiren Eotherium ] M.-U. Eoc. NAf. Felsinotherium \Chei- 
rotberium Halysiren ] L. Plioc. NAf. NA. L.-U. Plioc. Eu. 
Halitberium \Manatherium ] L. Olig. L. Mioc. Eu. Olig. Mad. 
?Mioc. NA. Hesperosiren M. Mioc. NA. Hydromalis U. 
Mioc. R. NPac. Arc. lndosiren U. Mioc. Elnd. Manatus 
[Trichechus\ Pleist. R. NA. Wind. R. WAf. Metaxytberium 
L.-M. Mioc. Eu. Prototberium [ Mesosiren Paraliosiren ] U. 
Eoc. Eu. Rytiodus [Thytiodus] U. Olig. Eu. Sirenavus M. 
Eoc. Eu. Thalattosiren L. Mioc. Eu. Manatidae (Trichechi- 
dae) Potamosiren L. Mioc. SA. Ribodon U. Mioc. SA. Pro- 
tosirenidae Protosiren M. Eoc. Eu. NAf. 

order desmostylia Desmostylidae Behemotops U. Olig. NA. 
C ornwallius Olig. L. Mioc. WNA. EAs. Desmostylus \Des- 
mostylella Kronoketberium\ L. Mioc. L. Plioc. WNA. EAs. 
Paleoparadoxia L. Mioc. L. Plioc. EAs. M. Mioc. L. Plioc. 
WNA. 

order h yracoidf.a Procaviidae Gigantobyrax U. Plioc. Af. 
Procavia U. Plioc. R. Af. SWAs. Probyrax L. Mioc. Af. 
Saghathenum L. Olig. NAf. Pliohyracidae Bunohyrax 
[Mixohyrax] L. Olig. L. Mioc. NAf. Geniobyus L. Olig. Af. 
Kvabebihyrax U. Plioc. EEu. Megalohyrax L. Olig. ?L. Mioc. 
Af. Meroehyrax Mioc. EAf. Pacbyhyrax L. Olig. NAf. L. 
Mioc. EAf. Pliohyrax U. Mioc. Eu. As. Postscbizotherium U. 
Plioc. Eu. As. Tbyrohyrax Olig. Af. Titanohyrax L. Olig. Af. 

order f.mbrithopoda Arsinoitheriidae Arsinotbenum L. Olig. 
NAf. Crivadiatherium U. Eoc. L. Olig. EEu. Palaeoamasia L. 
Eoc. SWAs. 


order tubulidentata Orycteropodidae Leptorycteropus U. 
Plioc. Af. Myorycteropus L. Mioc. EAf. O rycteropus U. 
Mioc. R. Af. M. Mioc. L. Plioc. EEu. SWAs. Plesioryctero- 
pus subfossil Mad. 

order notoungulata 

suborder notoprongonia PArctostylopidae Allostylops U. 
Paleoc. EAs. Anastylops L. Eoc. As. Arctostylops U. Pa- 
leoc. NA. Asiostylops U. Paleoc. As. Palaeostylops U. Pa- 
leoc. L. Eoc. EAs. Sinostylops U. Paleoc. As. Henricos- 
borniidae Henricosbornia [Hemistylops Microstylops 
Monolopbodon Pantostylops Polystylops Prohyracother- 
ium Selenoconus] U. Paleoc. M. Eoc. SA. Otbneilmarshia 
[Postpithecus] Peripantostylops U. Paleoc. L. Eoc. SA. 
Simpsonotus U. Paleoc. SA. Notostylopidae Edvardo- 
trouessartia L. Eoc. SA. Homalostylops [Acrostylops] U. 
Paleoc. L. Eoc. SA. Otronia M. Eoc. SA. Seudenius U. 
Paleoc. SA. Notostylops [Anastylops Catastylops Entelos- 
tylops Eostylops Isostylops Pliostylops] L. Eoc. SA. 

suborder toxodontia Oldfieldthomasiidae (Acoelodidae) 
Acoelodus L. Eoc. SA. Allalmeia U. Olig. SA. Brachyste- 
phanus U. Eoc. SA. Garmargomendesis Colbertia Kibeni- 
kboria Itaboraitherium U. Paleoc. SA. Maxschlosseria 
[Paracoelodus Oldfieldthomasia ] L. Eoc. SA. Pagtnula L. 
Eoc. SA. Tsmanichoria M. Eoc. SA. Ultrapithercus L. Eoc. 
SA. Xenostepbanus U. Olig. SA. Archaeopithecidae Acro- 
pithecus Arcbaeopitbecus L. Eoc. SA. Isotenmidae ?Acoe- 
lobyrax L. Eoc. SA. Anisotemnus L. Eoc. SA. iCalodon- 
totherium Distylophoms M. Eoc. SA. Coelostylodon L. 
Eoc. SA. Isotemnus [Prostylops] U. Paleoc. L. Eoc. SA. 
Peripbragnis [Proasmodeus] M. Eoc. SA. Pleurocoelodon 
U. Olig. SA. Pleurostylodon [ Pleurotemnus ] L. Eoc. SA. 
Rhyphodon M. Eoc. SA. Thomashuxleyia L. Eoc. SA. 
Trimerostephanos M. Eoc. U. Olig. SA. Homalodotheri- 
idae Asmodus U. Olig. SA. Chasicotherium [ Puntanother - 
iuw] U. Mioc. SA. Homalodotberium ?U. Olig. L.-U. Mioc. 
SA. Leontiniidae Ancylocoelus U. Olig. SA. Colpodon U. 
Olig. SA. Hemicofilholia Leontinia Scarrittia U. Olig. SA. 
Notohippidae Argyrohippus U. Olig. SA. Eomorphippus M. 
Eoc. SA. Eurygenium U. Olig. SA. Interhippus M. Eoc. U. 
Olig. SA. Morphippus Nesobippus U. Olig. SA. Notohip- 
pus L. Mioc. SA. Perbippidium U. Olig. SA. Rhynchippus 
U. Olig. SA. Stilhippus U. Olig. SA. Toxodontidae Adi- 
notherium L.-M. Mioc. SA. Alitoxodon U. Plioc. SA. 
Hemioxotodon U. Mioc. SA. Hyperoxotodon LI. Mioc. SA. 
Nesodon L.-U. Mioc. SA. Nesodonopsis M. Mioc. SA. 
Ocnerotberium L. Plioc. SA. Palaeotoxodon ?U. Plioc. SA. 
Palyeidodon M. Mioc. SA. Paratrigodon U. Mioc. SA. 
Pisanodon U. Mioc. L. Plioc. SA. Oriadubitberium U. Olig. 
SA. Stereotoxodon U. Mioc. SA. Toxodon \?Posnanskytb- 
erium] U. Plioc. Pleist. SA. Trigodon [Eutrigodon] PM.-U. 
Plioc. SA. Xotodon L.-U. Plioc. SA. 

SUBORDER TYPOTHEROIDEA 

superfamily TYPOTHF.ROIDF.A Interatheriidae Antepithe- 
cus L. Eoc. SA. Archaeophylus [Progaleopithecus] U. 
Olig. SA. C aenophilus U. Mioc. SA. Cochilus U. Olig. 
SA. Epipatriarchus L.-U. Mioc. SA. G uilielmoscottia M. 
Eoc. SA. lnteratherium ( lcocbilus ] L.-M. Mioc. SA. 
Medistylus L.-M. Olig. SA. Miocochilius U. Mioc. SA. 
Notopithecus [ fPseudadiantus ] ?U. Paleoc. L. Eoc. ?L. 
Plioc. SA. Paracochilins U. Olig. SA. Plagiartbus [Argy- 
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rohyrax ] U. Olig. SA. Protypotherium [Patriarchus] U. 
Olig. L. Plioc. SA. Transpithecus ?U. Palcoc. L. Eoc. SA. 
Mesotheriidae Eutypotberium [Tachtypotherium 'Eypotb- 
ericulus ] U. Mioc. SA. Mesotberium L.-M. Pleist. SA. 
Proedium [Isoproedrium Proedrium\ U. Olig. SA. Pseu- 
dotypotberium L.-U. Plioc. SA. Tracbytherus \Eutrach- 
ytherus \ ?U. Eoc. U. Olig. SA. Typothericulus M. Mioc. 
SA. Typotberiopsis [fAcrotypotherium U. Mioc. ?L. 
Plioc. SA. 

superfamily hegf.totheroidea Archaeohyracidae Ar- 
chaeohyrax ?U. Eoc. U. Olig. SA. Bryanpattersonia L. 
Eoc. SA. E ohegototherium M. Eoc. SA. Eobyrax ?U. 
Paleoc. L. Eoc. SA. Pseudbyrax M. Eoc. SA. Hegetoth- 
eriidae Ethcgotberium U. Eoc. SA. Hegetotherium [Se- 
latherium] U. Olig. M. Mioc. SA. Hemihegetotberium U. 
Mioc. SA. Pacbyrukbos [ Pacbyrucos J U. Olig. U. Mioc. 
SA. Paedsotberium U. Mioc. L. Pleist. SA. Prohegetoth- 
erium Propachyrucos Prosotherium [Medistylus Phano- 
pbilus 1 U. Olig. SA. Pseudobegetotberium L. Plioc. SA. 
Raulringueletia U. Mioc. or L. Plioc. SA. Tremacyllus L. 
Plioc. Pleist. SA. 

NOTOUNCULATA INCERTAE sedis Acama U. Eoc. SA. Brand- 
mayria U. Paleoc. SA. 

order astra potherl A Trigonostylopidae Albertogaudryia 
[Scabellia] L. Eoc. SA. Shecenia U. Palcoc. SA. Teragonos- 
tylops L. Eoc. SA. Trigonostylops [ Chiodon Staurodon J LJ. 
Paleoc. L. Eoc. SA. Astrapotheriidae Astraponotus [Nota- 
mynus] U. Eoc. SA. Astrapotbericulus L. Mioc. SA. Astra- 
potberium U. Olig. U. Mioc. SA. Parastrapotber- 
ium U. Olig. SA. Scaglia L. Eoc. SA. Synastrapotherium U. 
Olig. SA. Xenastrapotherium U. Mioc. SA. 

order utopterna Proterotheriidae Anisolambda [Eulambda 
Josepboleidya Ricardolydekkeria ] U. Paleoc. SA. Brachytber- 
ium M.-U. Plioc. SA. Deuterotberium U. Olig. SA. Diadia- 
phorus L. Mioc. L. Plioc. SA. Diplasiotherium U. Plioc. SA. 
Eoauchenia U. Mioc. U. Plioc. SA. Eoproterotherium U. Olig. 
SA. Epecuenia U. Mioc. SA. Guilielmofloweria L. Eoc. SA. 
Heteroglyphis M. Eoc. SA. Licapbrium L.-?M. Mioc. SA. 
Ucaphrops U. Olig. L. Mioc. SA. Pboradiadus U. Eoc. SA. 
Polyacrodon [Decaconus Oroacrodon Periacrodon ] U. Eoc. 
SA. Polymorpbis [ Megacrodon j U. Eoc. SA. Prolicaphnum U. 
Olig. SA. Proterotherium L. Mioc. SA. Prothoatheriuni U. 
Olig. SA. Thoatberium L. Mioc. SA. Wainka U. Paleoc. SA. 
Xesmodon [Glypbodon\ U. Eoc. SA. Protolipternidae As- 
mitbwoodwardia LJ. Paleoc. SA. Miguelsoria Protoliptema U. 
Paleoc. SA. Macraucheniidae C ramauchenia U. Olig. SA. 
C ullinia L. Plioc. SA. Ernestohaeckelia L. Eoc. SA. Ma- 
crauchenia Macraucheniopsis M.-U. Pleist. SA. Notodiapho- 
rus M.-U. Olig. SA. Paramacrauchenia U. Olig. SA. Phoe- 
nixauchenia M. Mioc. SA. Promacraucbenia M.-U. Plioc. SA. 
Theosodon U. Olig. L. Plioc. SA. Victor lemoinea U. Paleoc. 
L. Eoc. SA. Adianthidae Adianthus [ Adiantus } U. Olig. L. 
Mioc. SA. Adiantoides U. Eoc. SA. Indalecia L. Eoc. SA. 
Proheptoconus U. Olig. SA. Thadanius U. Olig. SA. Tricoe- 
lodus [Proadiantus] U. Olig. SA. 

order XENUNC.ui.ATA Carodniidae Carodnia \Ctalecarodnia\ 
U. Paleoc. SA. 

order pyrotheria Pyrotheriidae Carolozittelia L. Eoc. SA. 
Gripbodon M. Eoc. L. Olig. SA. Propyrotherium U. Eoc. SA. 


Pyrotherium U. Olig. SA. Colombitheriidae C olombitherium 
?U. Eoc. SA. Proticia L. Eoc. SA. 

ORDER xf.narthra 

INFRAORDER LORICATA (CINGUI.ATA) 

superfamily dasypodoidea Dasypodidae Astegotherium 
L. Eoc. SA. C abassous [ Xenurus ] Pleist. R. SA. Chaeto- 
phractus U. Plioc. R. SA. Chasicotatus U. Mioc. SA. 
Cblamypborus \Chlamydophorus ] U. Pleist. R. SA. 
Chorobates U. Plioc. SA. Coelutateus L. Eoc. SA. Dasy- 
pus [Paropus Tatu Tatusia] Pleist. R. SA. M. Plioc. R. 
NA. Doellotatus \ Eutatopsis] M.-U. Pleist. R. SA. M. 
Plioc. SA. Fpipeltephilus U. Mioc. ?L. Plioc. SA. Eu- 
phractus [ Scleropleura ] Pleist. R. SA. Eutatus Pleist. SA. 
Elolmesina Pleist. NA. Kraglievichia U. Mioc. U. Plioc. 
SA. M. Plioc. L. Pleist. NA. Machlydotherium L.-U. Eoc. 
SA. Macroeuphractus U. Mioc. U. Plioc. SA. Meteuta- 
tus [Sadypus] L. Eoc. U. Olig. SA. Paleupbractus L. 
Plioc. SA. Pampatherium [Chalamytheriutn Chlamydoth- 
erium Elolmesina] Pleist. SA. NA. Paraeupbractus ?U. 
Plioc. SA. Parapeltocoelus U. Olig. SA. Peltcoelus U. 
Olig. SA. Peltephilus U. Olig. L. Mioc. SA. Proeuphrac- 
tus U. Olig. SA. Proetus U. Olig. U. Mioc. SA. Propra- 
opus ?U. Plioc. Pleist. SA. Pleist. NA. Prostegotberium L.. 
Eoc. SA. Prozaedius U. Olig. M. Mioc. SA. Pseudeuta- 
tus [Anutaetus Isutaetus Pachyzedys] M. Eoc. SA. Pseu- 
dostegotherium ?L. Eoc. U. Olig. SA. Ringueletia U. 
Plioc. SA. Stegotberiopsis U. Olig. SA. Stegotherium L. 
Mioc. SA. Stenotatus [Prodasypus] U. Olig. M. Mioc. SA. 
Tolypeutes ?U. Plioc. Pleist. R. SA. Utaetus [ Anteutatus 
Ortbutaetus Parataetus Posteutatus ?Coelutaetus ] ?U. 

Paleoc. L.-M. Eoc. SA. Vassallia M. Mioc. SA. Zaedyus 
U. Plioc. R. SA. Palaeopeltidae Palaeopeltis U. Eoc. M. 
Olig. SA. 

superfamily glyptodontoidea Glyptodontidae (Hoplo- 
phoridae) Asterostemma L.-U. Mioc. SA. Cocblops L. 
Mioc. SA. Doedicuroides L. Pleist. SA. Doedicurus Pleist. 
SA. Ecinepeltus L. Mioc. SA. Eleutherocercus M.-U. 
Plioc. SA. Glyptatelus ?M. Eoc. U. Olig. SA. Glypto- 
don [Glyptocoileus Glyptopedius Glyptostracon Stro- 
matherium Xenoglyptodon] Pleist. SA. NA. Glyptother- 
ium U. Plioc. L. Pleist. NA. ELoplophorus [ Sclerocalyptus \ 
Pleist. SA. Lotnaphorus Pleist. SA. Metopotoxus L. Mioc. 
SA. Neotboracophorus Neuryurus Pleist. SA. Nopachtus 
U. Plioc. SA. Palaeodoedicurus U. Plioc. SA. Palaeoho- 
plopborus M. Mioc. L. Plioc. SA. Panocbtbus Pleist. SA. 
Paraglyptodon U. Plioc. ?L. Pleist. SA. Plaxhaplous Pleist. 
SA. Propalaeohoplopborus U. Olig. U. Mioc. SA. Scler- 
ocalyptus Pleist. SA. Trachycalyptus Urotherium ?M. 
Plioc. LJ. Plioc. SA. 

INFRAORDER PILOSA 

supf.rfamily megalonychoidea Megalonychidae Analci- 
tnorpbus L. Mioc. SA. Diheterocnus [Eleterocnus] U. 
Plioc. ?L. Pleist. SA. Eucboloeops L.-M. Mioc. SA. Ely- 
perleptus L. Mioc. SA. Megalonycbops PPleist. SA. Me- 
galonychotherium L. Mioc. SA. Megalonyx [Onycbotb- 
erium] L. Plioc. L.-U. Pleist. NA. Pelecyodon L. Mioc. 
SA. Pliometanastes U. Mioc. NA. Proplatyarthrus M. 
Eoc. SA. Megatheriidae Diellipsodon M. Mioc. SA. 
Eomegatherium M. Mioc. SA. Eremotberium [ Pseudere - 
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VERTEBRATE CLASSIFICATION 


motherium Schaubia Schaubitherium ] Pleist. NA. SA. 
Essonodontherium U. Pleist. SA. Hapaloides U. Olig. SA. 
Hapalops [Parhapalops Pseudhapalops Xyophorns\ L.-M. 
Mioc. SA. Megathericulus U. Mioc. SA. Megatherium 
[ Paramegatherium ] Pleist. SA. U. Plioc. Pleist. NA. 
Nothrotheriops Pleist. NA. Nothrotherium [ Coelodon 
Nothrotheriops\ U. Pleist. SA. Planops [Prepotherium] L.- 
U. Mioc. SA. Plesiomegatherium U. Mioc. L. Plioc. ?M. 
Plioc. SA. Prepotherium L.-M. Mioc. SA. Promegather- 
ium [Eomegatherium\ M.-U. Mioc. SA. Pronothrother- 
ium \Senetia\ U. Mioc. U. Plioc. SA. Proschizmotherium 
U. Olig. SA. Pseudhapalops M. Mioc. SA. Pyramiodon- 
therium [Megatheriops | L. Plioc. SA. Schismotherium L. 
Mioc. SA. 

superfamily mylodontoidea Mylodontidae Analcither- 
ium L. Mioc. SA. Elassotherium U. Mioc. SA. Glos- 
sotheridium U. Plioc. SA. Glossotheriopsis M. Mioc. SA. 
Glossotherium [Eumylodon Mylodon Oreornylodon 
Pseudolestodon ] M. Plioc. Pleist. NA. Pleist. SA. Lesto- 
don [Prolestodon] Mylodon [Glossotherium Grypother- 
ium Neomylodon ] M.-U. Pleist. SA, Nematherium L. 
Mioc. ?M. Mioc. SA. Neonematherium U. Mioc. SA. 
Octodontotherium U. Olig. SA. Octomylodon U. Mioc. 
SA. Orophodon M.-U. Olig. SA. Proscelidodon U. Plioc. 
SA. Pseudoprepotherium M. Mioc. SA. Scelidodon Pleist. 
SA. Scelidotherium [Catonyx] U. Plioc. Pleist. SA, 
Sphenotherus M. Plioc. SA. Thinobadistes U. Mioc. NA. 
Entelopidae Entelops L. Mioc. SA. 

infraorder VERMit.iNGUA Myrmecophagidae Eurota- 
mandua M. Eoc. Eu. Myrmecophaga [ Neotamandua ] M. 
Plioc. R. SA. R. CA. Neotamandua M.-U. Mioc. SA. 
Palaeomyrmedon M. Plioc. SA. Protamandua L. Mioc. 
SA. 

ORDER INCERTAE SEDIS 

suborder pai.aeanodonta Metacheiromyidae Metacheiro- 
mys M. Eoc. NA. Palaeanodon U. Paleoc. L. Eoc. NA. 
Propalaeanodon U. Paleoc. NA. Epoicotheriidae Aloco- 
dontulum [Alocodon] L. Eoc. NA. Amelotabes U. Paleoc. 
NA. Epoicotherium [Xenotherium] L. Olig. NA. Penta- 
passalus L. Eoc. NA, Tetrapassalus M. Eoc. NA. Tubulo- 
don L. Eoc. NA. Xenocranium L. Olig. NA. PErnanodon- 
tidae Ernanodon U. Paleoc. As. 

order pholidota Manidae Eomanis M. Eoc. Eu. Manis 
[ Phataginus | L.-U. Plioc. ?Af. EInd. Pleist. R. As. R. Af. 
Necromanis L. Olig. L. Mioc. Eu. Patriomanis L. Olig. NA. 
?Teutmanis Olig. Mioc. Eu. 


MAMMALIA INCERTAE SEDIS 

Acamana U. Eoc. SA. Florentinoameghinia L. Eoc. SA. lthy- 
grammodon M. Eoc. NA. O btusudon Paleoc. As. Pakilestes M. 
Eoc. SAs. Wannotherium U. Paleoc. As. Didymoconidae (Tshel- 
kariidae) Archaeoryctes U. Paleoc. As. Didymoconus [Tshel- 
karia] M. Olig. EAs. Hunanictis L. Eoc. As. Kennatherium U. 
Eoc. As. Mongoloryctes U. Eoc. EAs. Z euctherium M. Paleoc. 
As. 
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Aaptoryctes, 630R 
Aardvark, 545—547 
Abantis, 608L 
Abdentes, 628R 
Ablepharus , 617R 
Aboletylestes, 630R 
Abramis, 605R 
Abrictosaurus, 622L 
Abrocomidae, 63 8 R 
Absalomicbthys , 608L 
Ahsarokius , 632R 
Absonodaphoenus, 635L 
Abudefdufidae, 610L 
Acama , 647L 
Acamana, 648L 
Acandylacanthus , 598L 
Acanthaspis , 596R, 597L 
Acanthtas, 599R 
Acanthobatis, 599R 
Acanthoclinidae, 609L 
Acanthodes, 86, 87, 89, 601R 
Acanthodians, 85—89 


Acanthodida, 89 
Acanthodidae, 60 1R 
Acanthodiformes, 601 R 
Acanthodii, 601L 
Acantbodopsis, 60 1R 
Acanthognathus , 608R 
Acantholepis , 596R 
Acanthomorpha, 122—132 
Acanthonemopsis, 609R 
Acanthonemus, 61 OR 
Acanthonotos, 610R 
Acantbonutus, 61 OR 
Acantbopholis , 622L 
Acantbopboria, 608L 
Acanthopsis, 606L 
Acanthopterygii, 123, 124, 
126-132, 607R 
Acantborbina, 600R 
Acanthorhinidae, 600R 
AcanthoscylUum, 598R 
Acanthostega, 612R 
Acanthostegidae, 612R 


Acanthostoma , 61 2R 
Acantbostomatops, 612R 
Acanthothoraci, 49, 55, 56, 
596R 

Acantbroperca, 609L 
Acanthuridae, 61 OR 
Acanthuroidei, 130, 610R 
Acantburus, 610R 
Acanus, 609L 
Acara, 610L 
Acarechimys, 63 8 R 
Acaremys, 638R 
Acaronia, 610L 
Accipitridae, 350, 625L 
Acdestis, 628R 
Acellular bone, 119 
Acentrophorus, 107, 603L 
Aceraspis , 596L 
Aceratberium, 645R 
Acerina, 609L 
Acerorbinus, 645R 
Acerosodontosauridae, 6 1 6R 


Acerosodontosaurus, 616R 
Acestrus, 61 1L 
Acbaenodott , 639R 
Acheloma, 612R 
Achelonia, 616L 
Acheronodon, 627R 
Acherontemys , 61 6L 
Acherontiscidae, 178-180, 
614L 

Acberontiscus , 178, 614L 
Achirus, 61 1L 
Achlysictis, 628R 
Achrestogrammus , 608R 
Achtiaria, 642L 
Acichelys, 616L 
Acidorbynchus , 99, 602R 
Acinonyx, 633R 
Acipenser, 100, 603L 
Acipenseridae, 99, 100, 603L 
Acipenseriformes, 99, 603L 
Acipenseroidei, 603L 
Aciprion, 617L 
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Acleistorhinidae, 202, 615L 
Acleistorhinus, 202, 615L 
Aclistomycter, 640R 
Acmeodon, 630R 
Acmoniodus , 600R 
Acoelodidae, 646R 
Acoelodus, 646R 
Acoelohyrax, 646R 
Acomys , 637R 
Acorn worms, 5 
Acotherulum, 640L 
Acousticofacialis complex, 

36 

Acratocnus, 559 
Acreodi, 643L 
Acris, 615L 

Acritoparamys , 490, 491 
Acrobates, 629L 
Acrocanthosaurus, 62 1 L 
Acrocheilus, 605 R 
Acrochordidae, 237, 238, 
618R 

Acrochordoidea, 618R 
Acrochordus, 618R 
Acrocyon , 628 L 
Acrodclphidac, 643 R 
Acrodelphis , 643R 
Acrodoncbus, 598L 
Acrodus , 598L, 601 L 
Acrogaster, 608 L 
Acrognathus, 606R 
Acrohydraspis , 615R 
Acrobyaenodon , 628 R 
Acrolepidae, 602L 
Acrolepis , 602L 
Acromion, 384 
Acrophoca, 634R 
Acropithecus, 646R 
Acroplous, 612R < i 

Acropnma, 129>. < 

Acropomidae, 129 ) 
Acrorhabilus, 60 2 L 
Acrostylops , 646R 
Acrotemus , 603 L 
Acrotitan, 644R 
Acrotomaspis , 596L 
Acrotypotherium, 647L 
Actenotnys, 638 R 
Acteosaurus, 61 8L 
Actinistia, 136, 147, 148, 
612L 

Actinobatis, 600L 
Actinodon, 612R 
Actinolepidae, 49, 53, 596R 
Actinolepina, 596R 
Actinolepis, 596R 
Actinophorus, 60 1R 
Actinopterygians, 84, 90, 92, 
94, 97, 143 

Actinopterygii, 90—132, 60 1R 
Actiobates, 61 2R 
Acute angle symmetrodonts, 
427 

Acyon, 628L 
Adaetontherium, 633L 
Adamisaurus, 617L 
Adapidae, 468-471, 632L 
Adapidium, 63 1L 
Adapiformes, 632L 
Adapts, 468, 632L 
Adapisorex , 63 0L 
Adapisoriculus , 63 1L 
Adaptive radiation, 586, 587 
Adcrocuta , 633R 
Adders, 237 


Adductor mandibulae: 
externus, 186, 366, 380, 
381 

lateralis, 375 

internus pseudotemporalis, 

366, 380, 381 
internus ptergoideus 
(anterior), 366 
internus pterygoideus 
(posterior), 366 
posterior, 186, 366, 380, 
381 

Adeloblarina , 630R 
Adelogyrinidae, 178—180, 
614L 

Adelogyrinus, 614L 
Adelomyarion, 637L 
Adelospondylus, 178, 6141 
Adelpbailurus, 633R 
Adelpbarctos , 63 5 L 
Adelphesirert, 61 4R 
Adelpbotuys, 63 8 R 
Adenohypophysis, 22 
Adianthidae, 549, 647L 
Adiantbus, 647L 
Adiantoides, 647L 
Adiantus , 647L 
Adiapneustes, 598L 
Adinotherium , 646R 
Adipose dorsal fin, 118, 119 
Adjidaumo, 636R 
Admetopboneus, 623L 
Adocus, 615R 
Adracon , 635R 
Adrianichthyidae, 607R 
Adriocentrus, 608L 
Adriosaurus, 618L 
Adunator , 63 OR 
Advenimus , 63 8 L 
Aeclmiodus, 603 L 
Aeduella , 98, 107, 6021, 
Aeduellidae, 602L 
Aegialodon, 429, 627R 
Aegialodontidae, 627R 
Aegialornis, 625R 
Aegialornithidae, 351, 625R 
Aegicephalichtbys, 602L 
Aegoceros, 642 R 
Aegothelidae, 351, 625L 
Aegyptopithecus, 472 
Aegyptosaurus, 62 1R 
Aegyptosuchus, 620R 
Aellopos , 599R 
Aelureidopus , 635L 
Aelurocyon, 634L 
Aelurodon, 634R 
Aelurogale, 633R 
Aelurognathus, 623R 
Aeluroidea, 480-483, 633R 
Aeluropsis, 633R 
Aelurosauroides , 623R 
Aelurosauropsis , 623R 
Aelurosaurus, 623 R 
Aelurotheriutn, 633L 
Aenocyon, 634R 
Aenoscorpius, 609L 
Aeoliscoides, 608R 
Aeoliscus, 608R 
Aeolodon, 620L 
Aeolopithecus, 633 L 
Aeothrissa, 607L 
Aepinacodon, 640R 
Aepisaurus, 621R 
Aepycamelus, 64 1L 
Aepyceros , 642L 


Aepyornis, 349, 624R 
Aepyornithidae, 624R 
Aepyornithi formes, 348, 624R 
Aepyprytnnus , 629L 
Aequideus, 610L 
Aerosaurus , 622R 
Aestivation, 153 
Aethalion, 604R 
Aethaspis, 596R 
Aetheolepis , 6031,, 604L 
Aetheretomon , 601R 
Aethia, 626L 
Aethodontidae, 602R 
Aetbodontus , 602R 
Aetbomylus, 63 1L 
Aethomys , 637R 
Aetiocetidae, 525, 6441, 
Aetiocetus, 525, 527, 644L 
Aetohatus, 600L 
Aetonyx, 62 1R 
Aetosauria, 273, 274, 619R 
Aetosauroides, 273, 619R 
Aetosaurus, 273, 619R 
African dwarf crocodile, 283 
African elephant, 536 
Africanomys , 638L 
Africentrum, 608L 
Afrochoerus, 640L 
Afrocricetodon, 637L 
Afrocyon, 634R 
Afropterus, 632L 
Afrosmilus, 63 3 R 
Afrotarsius, 470, 632R 
Aftonius, 642 R 
Agabelus , 643 R 
Aganta, 6171, 

Agamidae, 230, 617L 
Aganacantbus, 600L 
Aganodus, 598 R 
Agassichthys, 596R 
Agassizia, 603R 
Agassizodon , 599L 
Aguascalientia , 64 1L 
Agustylus, 6281, 
Aigialosauridae, 232, 233, 
6181, 

Aigialosanrus, 618L 
Aigialosuclms, 620R 
Ailuracantha , 596R 
Ailuravus, 634R, 635R 
Ailurena, 63 3 R 
Ailurictis, 633R, 634L 
Ailuromachairodus, 6.34L 
Ailuropoda, 482, 635L 
Ailurops, 629L 
Ailuropus, 635L 
Ailurus, 482 
Aipichthyidae, 608L 
Aipicbthys , 608 L 
Air sacs, 302, 335, 343 
Ai'stopoda, 176—178, 613R 
Aivukus , 635L. 

Akanthosuchus, 620R 
Akicephalus , 642L 
Aktdnognathus, 623 R 
Akmaiomys, 636R 
Akodon, 637L 
Akrochelys, 615R 
Agassizodontidae, 599L 
Agassizodus, 598L 
Ageleodus , 600L 
Ageneiosidae, 606L 
Agerinia, 632L 
Aggeraspis, 597L 
Agispelagus, 639L 


Aglaocetus, 644L 
Aglyptorbyncbus , 61 1L 
Agnacanthus , 60 1L 
Agnatha, 26-43, 595R, 596L 
Agnosaurus, 623L 
Agnotherium , 634R 
Agtiotocastor, 636L 
Agompbus, 615R 
Agonidac, 609L 
Agorophiidae, 525, 644L, 
Agorophius, 644L 
Agriarctos, 635L 
Agriocetus, 644L 
Agriocharis , 625 L 
Agriochoeridae, 514, 640R 
Agriochoerus, 509, 414, 640R 
Agriotherium , 635L, 640R 
Aksyria, 643 L 
Akysidae, 606L 
Alachitberium, 635L 
Alacodon, 628L 
Alactaga , 636R 
Alainaspis, 595R 
Alamosaurus, 62 1R 
Alaspis, 596L 
Alaudidae, 625R 
Alausa, 605L 
Albanensia , 636L 
Albanerpeton, 614L 
Albaneryx, 618R 
Albanohyus , 640L 
Albanosmilus, 634L 
Albatross, 355 
Albcrtatberium, 628L 
Albertogaudryia, 647L 
Albertosaurus, 297, 621L 
Albireo , 643 R 
Albirconidae, 643R 
A/Wrt, 117, 604R 
Albulidae, 604R 
Albuloidei, 117, 604R 
Alburnoides , 605 R 
Alburnus, 605R 
A/ca, 626L 
Alcedini, 625L 
Alcedinidae, 625 L 
Alcelaphus, 642L 
Alces, 641 R 
Alcidae, 354, 626L, 

Alcodes, 626L 
Aldingeria , 602R 
Aleamastodon , 646L 
Alectrosaurus, 297, 62 1L 
Alegetnosaurus, 612R 
Aleodon, 389, 624L 
Alepisauridae, 606R 
Alepisauroidei, 606R 
Alepocephalidae, 605 L. 

Alestes, 605R 
Alethesaurus , 617R 
Aletocyon, 634R 
Aletodon, 639R 
Aletodus, 601 L 
Aletomeryx , 64 1R 
Alexornis, 344, 624R 
Alforjas, 64 1L 
Algoasaurus, 621 R 
Abac, la, 609 R 
Alienetherium, 633L 
Alilepus, 639L 
Alioratnus, 297, 62 1L 
Alisea, 605L 
Alisodon , 605R 
Alisphenoid, 392 
Alitoxodon, 646R 
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Aliueria, 636L 
Allacerops , 645 L 
Allacodon , 627R 
Allaeocbelys, 615R 
Allalmeia, 646R 
Allantois, 192, 198 
A lie, 626L 
Alleiolepis , 603L 
Allenypterus, 612L 
Allictops, 635R 
Alligator, 283, 620R 
Alligatorellus, 620L 
Atligatoridae, 283, 620R 
Alligatorium, 620L 
Alloheryx, 608L 
Allocavia, 63 8 R 
Allocricetus, 637L 
Allocryptaspis, 595R 
Allocyon, 635L 
Allodaposucbus, 620R 
Allodelpbis, 643R 
Allodesmus, 483, 635L 
Allodon, 6271. 
Allognathosucbus , 620R 
Allobippus, 644L. 
Allohyaena , 633R 
Allolepidotus, 603R 
Allomeryx, 64 1R 
Allometry, 584, 585 
Allomorone, 609L 
Allomys, 635R 
AUophaiomys, 637L 
Allopleuron, 616L 
Allops, 644R 
Allopterodon, 6331. 
Alloptox, 639L 
Allosauridac, 294, 62 1L 
Allosaurus, 295, 296, 321, 
621L 

Allosorex, 630R 
Allospalax , 637L 
Allostylops, 646 R 
Allotheria, 419, 627L 
Allothrissopidae, 604L 
Allothrissops, 1 1 4, 604L 
Allozebra, 644L 
Alluvisorex, 630R 
Almasauridae, 613L 
Almasauroidea, 613L 
Almasaurus, 613L 
Almascyllium, 598R 
Almogaver, 63 9 R 
Alocodon, 62 1R, 648 L 
Alocodontulum, 6481, 
Alonsina, 605 L 
Alopecias, 599L 
Alopecocyon, 635L 
Alopecodon , 635L 
Alopecopsis, 623R 
Alopex, 634R 
Alopias, 599L 
Alopiidae, 5991. 

Alopiopsis , 599L 
Aloposauroides, 623 R 
Aloposaurus, 623 R 
Alosa, 605L 
Alphadon, 431, 628 L 
Alsaticopithecus, 630L 
Altanius, 632R 
Althaspis, 595R 
Alticola, 637L 
Alticonodon, 627L 
Altilambda, 63 1R 
Altispinax, 62 1 L 
Aluralagus, 639L 


Alveojunctus, 632L 
Alzadasaurus, 61 9L 
Amacanthus , 600L 
Amalitzkia, 615L 
Amaltheolepis, 596L 
Amaramnis, 630L 
Amarsipidae, 61 1L 
Amazon dolphin, 525 
Ambiortidae, 624R 
Ambiorciformes, 343, 642R 
Amhiortus , 343, 624R 
Ambloctonus, 633L 
Ambloplites, 609L 
Amblotherium, 627R 
Amblycastos, 6361. 
Amblycipitidae, 606L 
Amblycoptus, 630R 
Atnblyctonus, 633L 
Amblygoniolepidus, 607R 
Amblyopsidae, 607L 
Amblyopsts, 125 
Amblypharyngodon, 605 R 
Amblypristis, 599R 
Amblypteridae, 602L 
Amblypterina, 602L 
Amblypterops, 602L 
Amblypterus, 602L 
Amblyrhynchus, 311 
Amblysemius, 603R 
Amblysomus, 63 1L 
Amblyurus, 603L 
Ambystoma, 186, 614R 
Ambystomatidae, 614R 
Ambystomatids, 186 
Ambystomatoidea, 614R 
Ambystomichnus, 614R 
Amebelodon, 645L 
Ameginornis, 625R 
Atnetseophis, 618R 
Ameiuridae, 606L 
Atneiurus, 606L 
Ameiva, 617L 
Amelacanthus, 598L 
Ameloblasc cells, 22 
Amelotabes, 561, 648L 
Ameniscotnys, 635R 
Amerhippus, 644L 
Americaspis, 595 R 
Amia, 96, 101, 103, 105, 106, 
108, 110, 603 R 
Amiatus, 603 R 
Amiidae, 108, 603R 
Amiiformes, 603R 
Amiopsis, 603 R 
Ammobatrachus, 614R 
Ammocoete, 19, 39, 40 
Ammodon, 640L 
Ammodramus, 625 R 
Ammodytes , 61 OR 
Ammodyddae, 61 OR 
Ammodyroidei, 61 OR 
Ammonites, 232 
Ammosaurus , 62 1R 
Ammospermophilus, 63 6L 
Ammotragus, 642R 
Amnion, 192, 198 
Amniota, 16, 192^193 
Atnphekepubis, 618L 
Ampheristius, 608 R 
Amphiaspidae, 32, 595R 
Amphiaspis, 595R 
Amphibamus, 171, 612R 
Amphibia, 156-189, 579, 
580, 612-615 
Amphibicbthys, 612L 


Amphibos, 642R 
Amphicaenopus, 645R 
Amphicentridae, 98, 602L 
Amphicentrum, 99, 602L 
Amphicetus, 6441. 
Amphichelida, 212 
Amphichiromys, 630L 
Amphichoerus, 640L 
Ampbicotylus, 620L 
Ampbicticeps, 635L 
Amphictis, 634L 
Ampbicyanis, 635L 
Ampbicynodon, 635L 
Amphicyon , 635L 
Amphicyonidae, 634R 
Amphicyonids, 480 
Amphicyonodontinae, 483 
Amphicyonops , 635L 
Ampbidolops, 628 R 
Amphidon, 627R 
Amphidontidae, 627R 
Amphiecbinus, 630L 
Amphiemys, 615R 
Amphilagus, 639L 
Amphilapburus, 604L 
Amphilemur, 630L 
Amphilemuridae, 630L 
Amphilestes, 416, 6271. 
Amphilestidae, 414, 416, 420, 
627L 

Amphiliidae, 606L 
Amphimerycidae, 516, 64 1 L 
Amphimeryx, 64 1L 
Amphimoscbus, 643L 
Amphinasua, 634R 
Amphioxus, 18, 19 
Amphtpelargus, 625R 
Ampbiperatherium, 628 L 
Amphiperca , 609L 
Amphipithecus, 470, 632R 
Amphiplaga, 607L 
Amphiproviverra, 628 R 
Ampbiprox, 642L 
Amphirbagatherium, 640R 
Amphisaurus, 621 R 
Amphisbaenia, 230, 2.33-235, 
61 7R 

Amphisbaenidae, 234, 617R 
Ampbisorex, 630R 
Amphisdidae, 609R 
Ampbistium, 609R 
Amphistylic, 66 
Amphisyle, 608R 
Amphithereutes , 628R 
Amphithedidae, 428, 429, 
627R 

Ampbitherium, 428, 627R 
Ampbitragulus, 64 1R 
Amphitriton , 614R 
Amphiuma, 614R 
Amphiumidae, 182, 186, 

614R 

Amphiumoidea, 614R 
Ampbodon, 61 OR 
Ampullary canals of 
Lorenzini, 137 

Ampullary organs, in teleosts, 
137 

Amtosaurus, 622L 
Amy da, 616L 
Amygdalodon, 62 1R 
Amylodon, 60 1L 
Amynodon, 530, 645L 
Amynodontidae, 531, 645 L 
Amynodontopsis, 645 L 


Amyzon, 606L 
Anabantidae, 61 1L 
Anabantoidei, 61 1L 
Anabas, 61 1L 
Anablepidae, 607R 
Anacantbobatidae, 600L 
Anacbarsis, 643R 
Anaclitacanthus, 598L 
Anacodon , 639L 
Anacorax, 599L 
Anacus, 645 R 
Anadolops, 628R 
Anaethalion, 116, 117, 604R 
Anaethaliontidae, 604 R 
Anagale, 485, 488, 635R 
Anagalida, 485-488, 554, 
635R 

Anagalidae, 459, 635 R 
Anagalopsis, 635 R 
Anagenesis, 570 
Anaglyphys, 602R 
Anal fin, 32, 34, 71, 72 
Analcimorphus, 647R 
Analcitherium, 648 R 
Anancinae, 539 
Ananogmius, 604L 
Anapsid, 200 
Anapsida, 615L 
Anapterus, 606 R 
Anaptogale, 635R 
Attaptogonia, 637R 
Anaptomorphus, 632R 
Anarhichadidae, 610L 
Anarhicbus, 6 1 0L 
Anarosaurus , 6 1 9L 
Anarthraspis, 596R 
Anascbisma, 61 3L 
Anasinopa, 633L 
Anaspida, 38, 39, 596L 
Anastylops, 646R 
Anatherium, 628L 
Anatidae, 626R 
Anatiftopsis, 595R 
Anatoia, 602 R 
Anatolepis, 28, 29, 595R 
Atiatolictis, 634L 
Anatosaurus, 308, 622L 
Ancepsoides, 632L 
Ancbiblarinella, 630R 
Anchiceratops, 622L 
Anchilestes, 635R 
Anchilophus, 644R 
Anchimysops, 63 8R 
Ancbipteraspis, 595R 
Anchisauridae, 621R 
Anchisaurus, 298, 621 R 
Anchitheriomys, 636L 
Ancbitherium, 534, 644L 
Anchomomys, 632 L 
Anchovies, 118 
Ancbypopsis, 606L 
Ancillary gill covers, 86 
Ancistriodus, 598L 
Ancistrodon, 603L 
Ancodon, 640R 
Ancodus, 511, 640R 
Anconodon, 627R 
Ancylocentrum , 618L 
Ancylocoelus, 646R 
Ancylopoda, 644R 
Ancylostylus, 61 1L 
Ancylotherium , 644R 
Andalgalornis, 625 R 
Andegameryx , 64 1R 
Andescynodon, 624L 
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Andrewsarchus, 521, 522, 

643 L 

Andrewsimys , 638L 
Andrewsornis, 625 R 
Andrias, 6141. 

Aneides, 586, 614R 
Anelia, 607R 
Anemorhysis, 632R 
Anenchelum, 61 OR 
Aneugomphtus, 623 R 
Aneurolepis, 602L 
Angaraspis, 595R 
Angarichthys, 597L 
Angelocabrerus , 6281 
Angelosaurus , 622R 
Angistorhinopsis, 6 19R 
Angistorhinus , 619R 
Anglaspis , 32, 595R 
Anglefish, 129 
Anglers, 125, 126 
Anglosucbus, 620L 
Angolaichthys, 603 L 
Angolosaurus, 618L 
Angonisaurus , 623 L 
Anguidae, 231, 232, 617R 
Anguilla, 117 
Anguillavidae, 604R 
Anguillavus, 117, 604R 
Anguilliformes, 604R 
Anguilloides, 604R 
Anguilloididae, 117, 604R 
Anguimorph lizards, 230 
Anguimorpha, 231, 617R 
Anguioidca, 232, 617R 
Anguis, 231, 61 7R 
Angular process, 387, 413, 
428 

Anhimidae, 626R 
Anhinga, 626R 
Anhingas, 355 
Anhingidae, 355, 626R 
Anhuisaurus, 61 8L 
Anictis , 63 3 R 
Anictops, 635R 
Aniliidae, 237, 61 8R 
Anilioidea, 618R 
Anilioides, 618R 
Anisochromidae, 609L 
Anisodelphis, 643R 
Anisodontosaurus, 619L 
Anisolambda, 647L 
Anisonchus, 639L 
Anisosiren , 646 1. 

Anisotemnus , 646R 
Anissodolops, 628R 
Ankalagon , 643 L 
Ankarapithecus, 633L 
Ankistrodon, 619R 
Ankistrodus, 603L 
Ankotarinja, 435, 628 R 
Ankylodon , 630L 
Ankylosauria, 313, 314, 622L 
Ankylosauridae, 314, 622L 
Ankylosaurus, 314, 622L 
Ankyloscapter , 63 OR 
Ankystrorhynchus , 600L 
Anna, 623R 
Annatherapsidus, 632R 
Anniella, 61 7R 
Anniellidae, 617R 
Annulata, 233-235, 617R 
Anodontacanthus, 598R 
Anodontosaurus, 622L 
Anoglochis, 64 1R 
Anogmius, 6041. 


Anolis, 617L 
Anomaeodus, 603L 
Anomalichtbys, 597R 
Anamalogonatae, 351 
Anotnalomys, 63 7L 
Anomalopheidae, 238, 618L 
Anomalophis , 618R 
Anomalopidae, 6081. 
Anomalpterys, 624R 
Anomaluridae, 492, 638L 
Anomaluroidca, 638L 
Anotmophthabnus, 603L 
Anomodon, 623 R 
Anomodontia, 373-376 
Anomoiodon , 615L 
Anomosaurus, 622R 
Anomotberium , 6461. 
Anomotodon, 599L 
Anoplogasteridae, 608L 
Anoplonassa, 643R 
Anoplopomatidae, 609L 
Anoplosaurus, 622L 
Anoplosuchus, 623L 
Anoplotheriidae, 514, 64 1L 
Anoplotherium, 641 L 
Anoplotheroidea, 514, 64 1L 
Anosteira, 615R 
Anostomidae, 605R 
Anoterisma, 611L 
Anotodus, 5991. 
Anotopteridae, 606R 
Anourosorex, 630R 
Anoxypristis, 599R 
Anquingosaurus , 617L 
Anseriformes, 354, 626R 
Antacanthus, 600L, 600R, 
601L 

Antarcbtoncbus , 60 1R 
Antarctaspidae, 596R 
Antarctaspis, 596R 
Antarctodolops , 434, 628 R 
Antarctolepis , 597R 
Antarctonchus , 60 1R 
Antarctosaurus, 302, 621 R 
Anteaters, 554 
Antechmomys, 628R 
Antechinus, 628L 
Antelopes, 510 
Antemus , 637R 
Antennariidae, 607L 
Antennarioidei, 607L 
Anteosaurus, 623 L 
Antepithecus , 646R 
Anterior lamina of periotic, 
392, 393 

Anterosauridae, 623 L 
Antesorex, 630R 
Anteutatus, 647R 
Antherinomorpha, 128 
Anthias, 609L 
Anthodon , 615L 
Anthracobune , 536, 645R 
Anthracobunidae, 537, 645R 
Anthracobunodon, 640R 
Anthracocboerus, 640 R 
Anthracodromeus , 615L 
Antbracokeryx, 640R 
Anthracomys , 637R 
Anthracoperca, 609L 
Anthracosauria, 167-170, 
174-176, 613R 
Anthracosauridae, 6I3R 
Anthracosaurs, 198 
Anthracosaurus, 613R 
Antbracosenex, 640 R 


Antbracothema, 640R 
Anthracotheriidae, 510, 511, 
640R 

Antbracotherium , 640R 
Anthropodus, 633 L 
Anthropodyptes, 627L 
Anthropoidea, 464, 470-476, 
632R 

Antbropornis, 627L 
Antiacodon, 639R 
Antiarchi, 49, 52, 53, 597R 
Anticlinal vertebrae, 408 
Antidorcas, 642L 
Antifer, 64 1R 
Antilocapra, 519, 642L 
Antilocapridae, 519, 642L 
Antilope , 642L 
Antilospira , 642L 
Antiodus, 601L 
Antlers, 519 
Antorbital cartilage, 77 
Antorbital fenestra, 254, 264, 
269 

Antquisagittaspis, 596L 
Antrodemus, 62 1L 
Antrozous, 63 1R 
Anura, 180-182, 184-185, 
614R 

Anurognatbus, 337 
Anuromeles, 628R 
Anutaetus, 647R 
Anzanycteris , 632L 
Aonyx, 634L 
Aortic arches, 17, 19 
Aoteidae, 604R 
Apalolepididae, 596L 
Apalolepis, 596 L 
Apataelurus, 6331. 
Apateacanthus, 60 1R 
Apatemyidae, 455, 630L 
Apatemys , 63 0L 
Apateodus, 606R 
Apateolepis, 602R 
Apateon , 612R 
Apatite, 22 
Apator , 630L 

Apatosaurus, 298, 299, 301, 
621R 

Apatotheria, 630L 
Apedodus, 61 1R 
Apendulus, 61 1R 
Apenophyseter, 643R 
Apeomys, 636R 
Apera, 628 L 
Apertotemporahs, 616R 
Apbanapteryx, 625 R 
Apbanepygus , 603 R 
Apbaneramma, 613L 
Aphanius, 607R 
Aphanolemur, 632L 
Apbataspis , 595R 
Apbelolepis, 603 L 
Apbelops, 645 R 
Aphelotherium, 632L 
Apbnelepis, 604L 
Apholidemys, 61 5R 
Aphredoderidae, 607L 
Aphredoderoidei, 607L 
Apbronorus, 630L 
Aphrosaurus, 619L 
Apidium, 471, 632L 
Apistomys, 63 7L 
Aplax, 616L 
Apletotomeus, 636R 
Aploacdnidae, 608R 


Aploconodon, 627L 
Aplodactylidae, 610L 
Aplodinotus, 609R 
Aplodontia , 635R 
Aplodontidae, 491, 635R 
Aplodontoidea, 635R 
Apocopodon, 600L 
Apodemus, 637R 
Apodes, 604R 
Apodi, 625R 
Apodidae, 625 R 
Apodiformes, 351, 625R 
Apodups, 6 14L 
Apodosaumcus, 617R 
Apogon, 609L 
Apogonidae, 6091 
Apogonoides, 609L 
Apoidochelys, 615R 
Apolectidae, 609R 
Apomorphy, 5 
Apopempsis , 624R 
Apostasella, 610R 
Apostasis, 609L, 610R 
Apriculus, 639R 
Aprion , 599L 
Aprionodon, 599L 
Aprotodon, 645 L, 645 R 
Apsopelix, 604R 
Aptenodytes, 627L 
Apteribis, 626L 
Apternodontidae, 461 
Apternodus , 461 
Apterodon, 633L 
Apterorms, 626L 
Apterornithidae, 626L 
Apterygidae, 624R 
Apterygiformes, 349, 624R 
Apteryx, 624R 
Aptornis, 626L 
Aptychodon, 619L 
Apus, 625R 
Aquila, 625L 
Aquiladelpbis, 628 L 
Aquilavus, 625L 
Aracanidae, 61 1 L 
Aracbaeobatis, 600R 
Araeocyon , 635L 
Araeodelpbis, 643 R 
Araeodon , 627R 
Araeosaurus, 618L 
Araeoscelida, 219, 616R 
Araeoscelididae, 61 6R 
Araeoscelis, 219, 220, 251, 
253, 616R 
Aralomys, 637L 
Aralosaurus, 622L 
Aralotherium , 645L 
Arambourgella, 610L 
Arambourgellidae, 610L 
Arambourgia, 609L, 620R 
Arambourgicbtbys, 61 1L 
Aramichthys, 610R 
Aramidae, 625R 
Aramornis, 635R 
Arandaspididae, 595 R 
Arandaspis, 28, 29, 595R 
Arapaima, 116 
Araripedactylus, 62 1L 
Araripesaurus , 62 1L 
Araripesucbus, 620L 
Aratomys, 637L 
Arcadia, 613L 
Arcbaeacantbus, 60 1R 
Archaeobelus, 622 R 
Archaeocardia , 639L 
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Archaeoceti, .52.3, 524, 643L 
Archaeodelphis, 644L 
Arcbaeodolops, 628R 
Arcbaeogadus , 606R 
Archaeobippus, 644L 
Archaeohyracidae, 647L 
Arcbaeohyrax , 647L 
Archaeoides, 609R 
Archaeoindris, 632R 
Archaeolagus, 63 9 L 
Archaeolambda, 63 1L 
Archaeolambdidae, 63 1L 
Archaeolemur , 632R 
Archaeolemuridae, 632R 
Arcbaeolepidotus, 603R 
Archaeomaene, 604L 
Archacomenidae, 604L 
Arcbaeomeryx , 64 1R 
Archaeonectes, 6121. 
Archaeonectrus, 619L 
Archaeonycteris, 63 1R 
Archaeophidae, 238, 618L 
Archaeophis , 61 8L 
Archaeophylus, 646R 
Archaeopithecidae, 646 R 
Archaeopithecus, 646R 
Archaeopsittacus, 625L 
Arcbaeopteropus, 464, 63 1R 
Archaeopterygidae, 624 R 
Archaeopterygiformes, 624R 
Archaeopteryx, 4, 338-342, 
350, 580, 624R 
Archaeornis, 624R 
Archaeornithes, 342, 624R 
Arckaeornithomimus , 62 1L 
Archaeoryctes, 648L 
Archaeosemionotus, 603L 
Arckaeosiren, 646L 
Archaeospbeniscus , 627L 
Archaeosyodon, 623L 
Archaeoteutbis , 595R 
Archaeotherium, 512, 640L 
Archaeotbyris, 362-364, 

622R 

Archaeotriakis, 599L 
Archaeotrigon, 627R 
Archaeotriton, 614R 
Archaeotrogon, 6251. 
Archaeotrogonidae, 625L 
Arcbaeotylus, 612L 
Archaephippus, 129, 609 R 
Archaeteuthis, 610R 
Archaeus, 60 9 R 
Archegonaspis, 595R 
Archegosauridae, 61 2R 
Arcbegosaurus , 173, 612R 
Arcbelon, 213, 214, 616L 
Arcberia , 613 R 
Archeriidae, 613R 
Archerpeton, 615L 
Archichtbys , 61 1R 
Archidiskodon , 646L 
Archiptervgial fin support, 71, 
8R 152 
Archonta, 478 
Archoplites , 609L 
Archosauria, 619R 
Archosauromorpha, 219-221, 
264, 6191. 

Archosauromorphs, 200 
Archosaurus , 269, 61 9R 
Archotosaurus, 6131. 
Arctacanthus, 598L 
Arctamphicyon, 6351. 
Arctaspis, 597L 


Arctocephalus , 483, 635L 
Arctocyon , 50.3, 504, 520, 
639L 

Arctocyonidae, 459, 503, 504, 
507, 553, 63 9 L 
Arctocyonides, 639L 
Arctocyoninae, 503 
Arctodictis , 628 L 
Arctodus, 635 L 
Arctognathoides, 623R 
Arctognatbus , 623R 
Arccoidea, 480-483, 634L 
Arctoidotkerium, 635L 
Arctolepis , 597L 
Arctomeles , 634L 
Arctonyx, 634L 
Arctops, 623 R 
Arctoryctes, 6.3 1L 
Arctosomus , 602R 
Arctostylopidae, 552, 563, 

646 R 

Arctostylops , 552, 646R 
Arctotherium, 635L, 63 9L 
Arctotitan , 644R 
Ardea, 626L 
Ardeagrandis, 626L 
Ardeidae, 626L 
Ardeosauridae, 6 I7L 
Ardeosaurus, 231, 617L 
Ardiodus, 6 10R 
Ardynia , 645 L 
Ardynictis, 635R 
Ardynomys, 635R 
Arempiscis, 597L 
Arfia , 633L 
Arganodus, 612L 
Argentavis , 355, 626R 
Argentina , 605L 
Argentinidae, 605L 
Argentinoidea, 119, 605L 
Argentinosuchus, 273, 619R 
Argillocbelys, 616L 
Argillotherium , 63 3 L 
Arginbaatar , 627L 
Arginbaataridae, 627L 
Argyriaspis, 595R 
Argyrocetus , 643R 
Argyrodyptes, 626R 
Argyrohippus, 646R 
Argyrohyrax , 646R 
Argyrohyus, 640L 
Argyrolagidae, 434, 435, 

628R 

Argyrolagus, 435, 628R 
Argyrolambda, 639R 
Argyrolestes, 62 8 L 
Argyromys, 637L 
Argyropelecus, 606R 
Argyrosaurus, 62 1R 
Ariaspis , 595R 
Ariekanerpeton, 61. 3 R 
Ariidae, 606L 
Ariommatidae, 61 1L 
Ariopsis , 606L 
Ariosoma, 604R 
Aristelliger , 617L 
Aristocion, 609R 
Aristodesmus, 615L 
Aristonectes , 619L 
Aristosaurus, 621R 
Aristosucbus, 62 1L 
Aritolabrax, 609L 
Arius, 606L 
Arizonasaurus, 619R 
Arizonerpeton , 614L 


Arkanserpeton, 612R 
Armadillos, 554, 555 
Armantomys , 636L 
Armittiheringia , 628L 
Arnoglossus, 61 1L 
Arnoldina, 607L 
Arnoldites , 607L 
Arpadosanrus , 617R 
Arpagodus, 598L 
Arretosauridae, 6171. 
Arretosaurus, 230, 617L 
Arretotberium, 640R 
Arrhinoceratops , 622R 
Arribasaurus, 622R 
Arripididae, 609R 
Arsinoitheriidae, 541-543, 
646L 

Arsinotherium , 541, 543, 

646L 

Arthrodira, 49-53, 596R 
Arthrodytes, 627L 
Artiodactvla, 450, 505, 
507-520, 639R 
Arvernoceros , 64 1R 
Arvicantbus , 63 7R 
Arvicola , 637L 
Asagis, 628L 
Asapbestera, 178, 614L 
Ascalabos , 604L 
Ascaphidae, 185, 61 4R 
Ascapbus , 186 
Ascidians, 19, 20 
Ascogaie , 628 R 
Asellia , 6.3 1R 
Asiacantbus , 597R 
Asialepidotus, 603L 
Asian elephant, 5.36 
Asian horses, 535 
Asiaspis, 596L 
Asiatic fresh-water dolphin, 
525 

Asiatolepis, 604L 
Asiatosaurus, 62 1R 
Asiatosuchus, 620R 
Asima, 600R 
Asineops, 607L 
Asinus , 6441. 

Asiocoryphodon, 63 1R 
Asioryctes, 445-450, 451, 
454, 629R 
Asiostylops, 646 R 
Askeptosauridae, 616R 
Askeptosaurus , 220, 221, 252, 
616R 

Asketaspis, 595R 
Asmitbwoodwardia, 549, 
639R, 647L 
Asmodus, 646R 
Asperidites, 6161. 

Aspbaerion, 615L 
Aspideretes, 616L 
Aspidicbtbys, 597R 
Aspidin, 22 
Aspidodus, 600R 
Aspidolepis, 611L 
Aspidophorus, 595R, 597R 
Aspidorhynchidae, 110, 603 R 
Aspidorhynchitormes, 693R 
Aspidorbyncbus, 1 10, 60.3R 
Aspidosaurus , 612R 
Aspidosteus, 595R 
Aspius, 605 R 
Aspredinidae, 606L 
Asses, 535 

Astegotherium , 647R 


Astephas, 606L 
Asteracanthus, 598R 
Asterodermus, 599R 
Asterodon, 602 R 
Asterolepidae, 597R 
Asterolepis, 597R 
Asteromys , 63 8 R 
Asteropty cbius, 598L 
Asterosteidae, 596R 
Asterostemma, 647R 
Asterosteus, 596R 
Asthenocormus, 603R 
Astbenoscapter , 630R 
Astragalocalcaneum, 225 
Astraponotus, 647L 
Astrapotheria, 553, 554, 647L 
Astrapothericulus, 647L 
Astrapotheriidae, 647L 
Astrapotberium , 553, 554, 
647L 

Astraspidae, 595 R 

Astraspis, 22, 23, 28—30, 

595R 

Astreptorhacbis , 612R 
Astrobodus, 600R 
Astroconger, 604R 
Astroconodon, 627L 
Astrodon, 62 1R 
Astrobippus, 644L 
Astronesthidae, 606 R 
Astyanax, 605 R 
Atalapba, 632L 
Atalonodon, 645L 
Ateleaspidae, 596L 
Atelidae, 63 2R 
Atelodus, 645 R 
Atelornithidae, 625 L 
Atberina, 607R 
Atherinidae, 127 
Atheriniformes, 607R 
Atherinoidei, 607R 
Atherinomorpha, 126, 127, 
607R 

Atherstonia , 602R 
Athrodon , 603 L 
Atilax, 63 3 R 
Atkinsonella, 609R 
Atlanthropus, 633L 
Atlantidosteus, 597R 
Atlantosaurus, 62 1R 
Atlantosucbus, 620L 
Atlantoxerus, 636L 
Atlas-axis complex: 
of amphibians, 159, 166, 
167 

of cynodonts, 382, 383 
of early amniotes, 195, 196 
of early placentals, 448 
Atopacantbus, 60 1R 
Atopocepbala , 602R 
Atopomys, 637L 
Atoposauridae, 283, 620L 
Atoposaurus, 620L 
Atractosteus, 100, 603L 
Atriopore, IS 
Atrium, 18 
Aublysodon, 62 1L 
Auchenaspis , 596L 
Auchenia , 64 1 L 
Auchenipteridae, 606L 
Aucbenoglanis, 606L 
Auchenosteus , 5971. 

Auditory bulla, 430, 

450-452, 468, 480, 

481 
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Auerliachoerus, 640L 
Auesita , 605L 
Augustidens, 630R 
Auiophyseter , 644L 
Auks, 354 

Aulacephalodon, 623L 
Aulacinus , 632R 
Aulacocephalodon, 623L 
Aulacocephalodontidae, 623L 
Aulacodus , 63 8R 
Aulacosteus , 596R 
Aultscomys, 637L 
Aulolepidae, 607L 
Aulolepis , 124, 607L 
Aulolithomys, 636R 
Aulopiformes, 121, 122, 606R 
Aulopodidae, 606R 
Aulopoidei, 606R 
Aulorhamphus, 608R 
Aulorhynchidae, 608 R 
Aulorhynchus , 608 R 
Aulostomidae, 608R 
Aulostomoidei, 608R 
Auluxacanthus, 60 1L 
Aurnelasia, 63 9 R 
Aurata, 609R 
Australasian Marsupialia, 
628R 

Australca, 626L 
Australian anteater, 436 
Australopithecus, 572, 633L 
Australosqualodon, 643R 
Austrobrachyops, 61 3 L 
Austroclupea , 605L 
Austrolagomys, 639 L 
Australopithecus, 474, 475, 
633 L 

Australopithecus afaretisis, 
474, 475 

Australopithecus africanus, 

475 

Australopithecus boisei, 475 
Australopithecus robustus, 

588 

Australosomus, 602R 
Austrophyllolepis, 596R 
Austropleuropbolis, 604L 
Austroportax, 643L 
Austrosaurus, 62 1 R 
Auxides, 610R 
Auxis, 610R 
Auxontodon, 639R 
Avenantia, 623 L 
Aves, 338-357, 624-627 
Avimimus, 62 1L 
Avipes, 62 1L 
Avisaurus, 621L 
Avocets, 354 
Avunculus, 630R 
Axelia, 612L 
Axestemys, 616L 
Axinaspis, 596L 
Axis, 64 1R 
Aybelodon, 645 L 
Azalois, 605L 
Azendohsaurus, 621R 

Bachitherium, 64 1R 
Bachmartnia, 606L 
Bactrian camel, 515 
Bactrosaurus, 622L 
Badistornis, 625 R 
Badrostes, 625L 
Baena, 615R 
Baenidae, 212, 615R 


Baenoidea, 615R 
Bagaceratops, 622L 
Bagariidae, 606L 
Bagarius, 606L 
Bagre, 606L 
Bagridae, 606L 
Bagrus, 606 L 
Bahariasaurus, 62 1L 
Baharijodon, 620L 
Bainguidae, 617R 
Bainguis, 617R 
Baioconodon, 63 9L 
Baiomys, 6371, 

Balaena, 644L 
Balaenicipitidae, 354, 626R 
Balaenidae, 525, 644L 
Balaenodon, 644L 
Balaenoptera, 644L 
Balaenopteridae, 525, 527, 
6441, 

Balaenotus, 644L 
Balaenula, 644L 
Balanerodus, 620R 
Balantia, 629L 
Baldwinonus, 622 R 
Baleen, 525 
Baleiichthys, 604L 
Balistidae, 61 1L 
Balistoidei, 61 1L 
Ballerus, 605R 
Baluchitherium, 532, 645R 
Bananogmius, 604L 
Bandicoots, 436 
Bandringa, 73, 598L 
Bandringidae, J98L 
Banjosidae, 609L 
Baphetes, 612R 
Baptanodon, 622R 
Baptemys, 615 R 
Baptornis, 343, 624R 
Baptornithidae, 624R 
Baranogale, 634L 
Baranomys, 63 7L 
Barapasaurus, 299, 300, 62 1R 
Barasaurus, 6I5L 
Barbastella, 632L 
Barbets, 352 

Barbourofelis, 482, 633R 
Barbouromeryx, 64 1R 
Barbus, 605 R 
Bargmannia, 614R 
Baringaspis, 596R 
Baroqueosuchus, 620L 
Barosaurus, 6 21 L 
Barracudas, 129 
Barsboldia, 622L 
Barunlestes, 445—450, 488, 
629L 

B ary lambda, 63 1L 
Barylambdidae, 63 1L 
Barysoma, 623L 
Barytheriidae, 646L 
Barytherioidea, 646L 
Barytherium, 540, 646L 
Basalina, 63 1L 
Basarabictis, 634L 
Baseodon, 618L 
Bashkirosaurus, 6 12R 
Basicranial articulation, 94 
Basicranodon, 622R 
Basilemys, 615R 
Basileosaurus, 524, 615L, 

643 L 

Basilosauridae, 523, 524, 

643L 


Basisiliscus, 119, 271, 634R 
Basking shark, 76 
Bassariscops, 643 R 
Bassariscus, 634R 
Batacanthus, 600L 
Batagur, 616L 
Bathornis, 625 R 
Bathornithidae, 352, 625R 
Bathyclupeidae, 609R 
Bathydreconidae, 6101, 
Bathygenys, 514, 640R 
Bathygeridae, 638L 
Bathygeroides, 638 L 
Bathygeromorpha, 638L 
Bathyglyptus, 622R 
Bathygnathus, 622 R 
Bathylagidae, 605L 
Bathylagus, 605L 
Bathymasteridae, 610L 
Bathyopsis, 63 1 R 
Bathyopsoides, 631 R 
Batbysoma, 609R, 610R 
Batodon, 461, 630L 
Batodontoides, 630R 
Batoidea, 599R 
Batoids, 77, 78 
Batrachiderpeton, 614L 
Batrachiosaurus, 618L 
Batrachoides, 125, 607L 
Batrachoididae, 607L 
Batrachoidiformes, 125, 607L 
Batrachosauroides, 61 4R 
Batrachosauroididae, 614R 
Batrachosaurs, 167 
Batrachosaurus, 613L 
Batrachoseps, 61 4R 
Batrachosuchus, 169 
Batrachotherium, 618L 
Batropetes, 615L 
Batropetidae, 615L 
Bats, 450, 463, 464 
Batter asp is, 59 7L 
Bauria, 378, 624L 
Bauriidae, 377, 378, 624L 
Baurioides , 624L 
Baurusuchidae, 283, 620L 
Baurusuchus, 620L 
Bauzaia, 607R 
Bavarisauridae, 617L 
Bavarisaurus, 617L 
Rdellodus, 598R 
Bdellostomatidae, 596R 
Beaconia, 602R 
Beaked whales, 525 
Beatragus , 642L 
Beavers, 392 
Beckia , 634L 
Beckiasorex , 630R 
Beckius, 605R 
Becklesisaurus, 617L 
Becklesius, 617L 
Behemotops, 541, 646 L 
Belemnacanthus, 597L 
Belemnobatis, 599R 
Belemnosiphius, 643 R 
Belesodon, 624L 
Beleutinus, 627R 
Belgicaspis, 595R 
Belgiosteus, 597L 
Beliajevina, 645L 
Belichthys, 602R 
Belideus, 629L 
Bellatona, 639L 
Belodon, 619R 
Belone, 607R 


Belonidae, 607R 
Belonorhynchus, 602R 
Belonostmus, 603 R 
Belonostomus, 110, 603R 
Belontiidae, 61 1L 
Belosphys, 643 R 
Belosteus, 597R 
Beltion, 607R 
Belugas, 525 
Bemalambda, 459, 63 1L 
Bcmalambdidae, 63 1L 
Bematherium, 629L 
Benaritherium, 645L 
Benedenichthys, 60 1 R 
Benedenius, 60 1R 
Benicerus, 642L 
Benneviaspis, 596L 
Bensonomys, 637L 
Benthosuchidae, 61 3L 
Benthosuchus, 613L 
Beremendia, 630R 
Bergisuchus, 620R 
Bernissartia, 620L 
Bernissartiidae, 620L 
Berruvius, 632L 
Berybolcensis, 608L 
Berycidae, 127, 608 L 
Beryciformes, 127, 128, 129, 
608L 

Berycoidei, 608L 
Beryx, 608L 
Bercycopsis, 128, 608L 
Besania , 602R 
Betasuchus, 6211, 

Bettongia, 629L 
Bettongiops, 629L 
Biarmosaurus, 623 L 
Biarmosuchidae, 369, 376, 
377, 623L 

Biarmosuchus, 370, 377, 381, 
623L 
Bibos, 642L 
Bicuspid teeth, 184 
Bienotherium, 624L 
Bienotheroides, 624L 
Bi-fulcral model of jaw 

mechanics, 395, 396 
Bipedality, 271, 288, 289, 
304, 475 

Bipedidae, 234, 61 7R 
Bipes, 233 
Birgerbohlinia, 642L 
Birgeria, 602L 
Birgeriidae, 602L 
Birkenia , 39, 596L 
Birkeniidae, 596L 
Bisanopliosaurus, 619L 
Bison, 642L 
Bisonalveus, 630L 
Bistius, 62 8 L 
Bitis, 618L 
Bitterns, 353 
Blabe, 609L 
Blackia , 63 6 L 
Blancomys, 637L 
Blanococamelus, 641 L 
Blarina, 630R 
Blarinella, 63 OR 
Blarinoides, 630R 
Blastocerus, 64 1R 
Blastomeryx, 64 1R 
Blenniidae, 610L 
Blennioidei, 610L 
Blenniomogeus, 603 R 
Blennius, 610L 
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Blicca, 605 R 
Blickomylus, 641 L 
Blickotberium, 646L 
Blikanasauridae, 62 1R 
Bhkanasaurus , 62 1R 
Blinasaurus, 614 L 
Blind cavefish, 125 
Blind shark, 76 
Blochius, 61 1 L 
Blue shark, 76 
Blue whale, 525, 527 
Boarfish, 127 
Boas, 237 
Boavus, 61 8R 
Bubastrania , 6021. 
Bobastraniidac, 602L 
Bobbodus, 598L 
Bobbschaefferia, 628 L 
Bocatherium, 624L 
Bodiattus, 610L 
Boffia, 627L 
Boffiidae, 627L 
Bogdanovia, 61 1R 
Bogdia, 630L 
Boblinia, 6421. 

Bohlinotona , 639L 
Boidae, 618L 
Kou, 614L 
Bolbocara, 607R 
Bolcanguilla , 604R 
Bolcyrus, 604R 
Bolivosteus, 596R 
Bolodon, 627L 
Bolomys, 6371. 

Bolosauridae, 202, 615L 
Bolosaurus, 202, 615L 
Bomburia, 639R 
Bonapartheriidae, 433, 628R 
Bonapartberium , 628 R 
Bone: 

acellular, 119 

development of, 22, 23 

histology of 22, 23, 29, 30, 
46, 321 

origin of 22, 23 

strength of, 584 
Bonefish, 117 
Boobies, 355 
Boocboerus, 6401. 

Booidea, 236, 237, 618L 
Boops, 609R 
Bootherium , 642R 
Boothiaspis , 595R 
Borealestes, 416, 627L 
Boreaspis, 596L 
Boremys , 615R 
Boreodon , 628L 
Boreufiber , 636L 
Boreolepidae, 602L, 619L 
Boreolepis , 602L 
Boreopelta , 613L 
Boreupricea, 619L 
Boreortalis, 625L 
Boreosaurus, 613L 
Boreusomus , 6021. 
Borescentranchus, 609L 
Borhyaena, 434, 628L 
Borhyaenidae, 433, 434, 628L 
Borhyaenidium, 628L 
Borichthys , 60 1R 
Boriogale, 629L 
Borissiakia, 644R 
Borocyon, 634R 
Borophagus, 634R 
Bos, 642R 


Boselapbus, 642R 
Botauroides, 625 L 
Botaurus, 626L 
Bothidae, 611L 
Bothremys , 615R 
Botbriaspis, 595R 
Botbriceps, 613 L 
Botbriodon , 640R 
Bothriogenys, 640R 
Bothriolepidae, 597R 
Bothriolepis, 53, 597R 
Bothriospondylus, 62 1R 
Bothrolabis, 640R 
Botbryolepis, 597R 
Botbus, 130, 61 1L 
Boverisuchus, 620R 
Bovichthyidac, 610L 
Bovidae, 519, 520, 642L 
Bovoidea, 519, 520, 642L 
Bowheads, 525 
Box, 609R 
Boxfish, 130 
Bracbaelurus, 598R 
Brachalletes, 629L 
Brachanchenius, 619L 
Brachictis, 634L 
Brachionichthyidae, 607L 
Brachiopterygii, 99 
Brachiosauridae, 302, 621 R 
Bracbiosaurus, 299, 302, 
621R 

Brachipteraspis, 595R 
Brachnasua , 634R 
Brachyacantbus, 86, 601 L 
Brachyceratops, 622R 
Brachycnemius, 622R 
Brachycormus, 614R 
Brachycrus, 640R 
Brachycyon , 635L 
Brachydectes, 620L 
Brachydegma, 602L 
Brachydeiridae, 51, 597L 
Brachydeiroidea, 597L 
Brachydeirus, 597L 
Brachydiastematherium, 644R 
Bracbydiceratherium, 645R 
Brachydirus, 597L 
Brachyerix , 462, 630L 
Brachygnathopitbecus , 632R 
Brachygnathosuchus, 620R 
Brachygnatbus, 597R 
Brachyhyops, 640L 
Brachyichthyes, 603R 
Bracbylagus, 639L 
Brachylebias, 607R 
Bracbylopbosaums, 622L 
Brachymelis, 628R 
Brachymylus, 60 1L 
Brachyodus, 640R 
Brachyopidae, 613L 
Brachyopoidea, 173, 613L 
Bracbyops, 613L 
Brachyosteus, 597R 
Brachypareia, 615L 
Bracbypodosaurus, 622L 
Brachypotberium, 645R 
Brachyprosopus, 623R 
Brachyprotoma, 634L 
Brachypsalis, 634L 
Brachypsaloides, 634L 
Bracbypsigale, 634L 
Brachyrampbus, 626L 
Brachyrbinodon, 226, 616R 
Brachyrbizodus, 600L 
Brachyrhizomys, 638L 


Bracbyrhyncbus, 61 1L 
Brachysaurus, 618L 
Brackyspondylus, 606L 
Brachystelechidae, 614L 
Brachystelecbus, 61 4L 
Bracbystepbanus, 646R 
Brachysuchus, 619R 
Brachytaenius, 620L 
Brachytherium, 6471. 
Brachythoraci, 597L 
Brachyuraniscus, 623R 
Brachyuranochampsa , 620R 
Brachyzostrodan, 627L 
Bradycneme, 62 1L 
Bradyodonts, 79, 80 
Bradypus , 558, 559 
Bradysaurus, 615L 
Bradysuchus, 615L 
Bradytely, 575, 586 
Brain: 

of early placental mammals, 
446 

of Ostcostrachi, 36 
of pterosaurs, 335 
Brain size: 

of carnivores, 478, 479, 481 
of cetaceans, 522, 523 
of Chondrichthyes, 74 
of cynodonts, 393 
of dinosaurs, 294, 322, 323 
of early placental mammals, 
446 

of hominids, 475, 476 
of Latimeria, 148 
of primitive mammals, 412 
Braincase: 

of acanthodians, 87 
of amphibians, 160, 161 
of early ammotes, 195 
of early placental mammals, 
446 

of neopterygians, 103 
of Osteostrachi, 36 
of palaeoniscoids, 92-94 
of placoderms, 49—51, 57 
of rhipidistians, 138—141 
of sharks, 65, 66 
of therapsids, 392, 393 
Brampithecus, 633L 
Bramatherium, 642L 
Bramidae, 609R 
Bramlettia, 605L 
Brancasaurus, 619L 
Brancatherulum , 627R 
Branchierpeton, 612R 
Branchiosauridae, 612R 
Branchiosaurus, 165, 172, 
612R 

Branchiostegidae, 6091. 
Branchiostegus, 609L 
Branchtostoma, 18 
Brandmayria, 647L 
Branisamys, 493, 639L 
Branisella, 471, 632R 
Bransateryx, 618R 
Bransonella , 598 R 
Branssatoglis, 636L 
Brasileosaurus, 61 5R 
Braunosteus, 597R 
Brazosiella, 608 L 
Breagyps, 626R 
Breameryx , 642L 
Bregmacernia, 607L 
Bregmaceros, 607L 
Bregmacerotidae, 6071. 


Bretzia, 64 1R 
Brevidorsum, 612R 
Breviodon, 645 L 
Brevisaurichthys, 602R 
Brevoortia, 605L 
Bridge of chelonian plastron, 
209 

Brimosaurus, 61 9L 
Brindabellaspis, 596R 
Brithopodidae, 371, 372, 
623L 

Brithopus, 6231, 

Broadbills, 352 
Brochoadatnones, 601L 
Brodiechelys , 616L 
Broilia, 6161. 

Broiliana, 635L 
Broiliellus, 612R 
Broiliina, 596R 
Broilisaurus, 617L 
Broilius, 623R 
Brontichthys, 597R 
Brontops , 644R 
Brontosaurus, 301, 621R 
Brontotheriidac, 644R 
Brontothcrioidea, 530, 532, 
644R 

Brontothenum, 532, 644R 
Bronze Turkey, 347 
Brookvalia, 602R 
Broometta, 602R 
Broomia, 615R 
Broomicepbalus, 623 R 
Broomisaurus, 623R 
Broomosucbus, 623L 
Broomulus, 613L 
Brosme, 607L 
Brosmius, 607L 
Brotula, 607R 
Brotulidae, 607R 
Brotzenaspis, 595R 
Brouffia, 615L 
Broughia, 603R 
Browneichthys, 602L 
Browniella, 61 9R 
Bruktererpeton, 174, 175, 
613R 

Bryactinus, 601L 
Bryanpattersonia, 6471. 
Bryantaspis, 596R 
Bryantolepis, 596R 
Brycbaetus, 604L 
Brycon, 605R 
Bubalis, 642L, 642R 
Bucapra, 642R 
Buccohypophyseal canal, 141 
Buccohvpophyseal foramen, 
49 

Bucconidae, 625 L 
Bucecerotiformes, 351, 625R 
Bucerotidae, 351, 625R 
Buchanosteidae, 597L 
Buchanostcoidea, 597L 
Buchanosteus, 597L 
Bucklandium, 606L 
Bucorvus, 62JR 
Budorcas, 642R 
Bufo, 615L 
Bufonidae, 185, 615L 
Buginbaatar, 627R 
Bugtitherium, 640L 
Buisnictis , 634L 
Bukobaja, 613L 
Bulbiceps, 607L 
Bulbocantbus, 600L 
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Bulganbaatar , 627R 
Bullerichtbys, 597R 
Bumbanius , 63 1L 
Bunaelnrus, 634R 
Bungartiidae, 597R 
Bungartius, 597R 
Bunocephalidae, 606L 
Bunodentus, 640L 
Bunodertna, 612L 
Bunohyrax, 646 L 
Bunolistriodon, 640L 
Bunolophodon, 645 R 
Bunomeryx, 514, 639R 
Bunopborus, 507, 639R 
Buoyancy, 123 
Burhinidae, 626 L 
Burhinus, 626L 
Burmbamia , 600L 
Burnetia, 623R 
Bumetiidae, 623R 
Burramyidae, 437, 629L 
Burramys, 629L 
Burrinjucosteus, 597L 
Rurtensia, 615L 
Burtinopsis, 644L 
Bush babies, 469 
Bushmasters, 237 
Bustards, 354 
Buteo, 625L 
Butlerigale, 627R 
Butterfly ray, 78 
Butorides, 626L 
Butselia, 630L 
Buxobune , 639R 
Buxolestes, 456, 630L 
Buzulukia, 613R 
Byssacanthoides, 601 R 
Byssacanthus , 597R 
Bystra, 616R 
Bystrowiana, 61 3R 
Bytbiacanthus, 600 L 
Byzantinia, 637L 
Byzenos, 601L 

Cabassous, 647R 
Cacops, 172, 173, 612R 
Cadurceryx, 618R 
Cadurcoboa , 61 8R 
Cadurcodon, 645 L 
Cadurcogekko, 617L 
Cadurcopsis, 645 L 
Cadurcotherium, 645L 
Caecilia, 180-184, 186-188 
Caecilians, 165 
Caeciliidae, 614L 
Caecula, 604R 
Caenagnathus, 26 1L 
Caenolambda, 63 1L 
Caenolestidae, 628R 
Caenolestoidea, 433, 434, 

447, 455, 628R 
Caenolopbus, 645 L 
Caenomeryx, 64 1L 
Caenophidia, 235-237, 

618R 

Caenophilus , 646R 
Caenopithecus , 632L 
Caenopus, 645 R 
Caenotheriidac, 64 1 L 
Caenotberium , 64 1L 
Caerorhachidae, 612R 
Caerorhachis, 158, 170, 612R 
Caesio , 609R 
Caiman , 283, 620R 
Caimanoidea , 620R 


Caimanosuchus, 620R 
Cainotheriidae, 514, 64 1L 
Cainotkerium, 514, 641 L 
Calamagras, 618L 
Calamoichthys, 99 
Calamopleurus, 604L 
Calamospondylus, 62 1L 
Calamostoma, 608R 
Calcaneal tuber, 386 
Calcarichelys, 61 6L 
Cakichordata, 21 
Calcified cartilage, 23, 30 
Calcium deposition, 23 
Californosaurus, 622R 
Calilepidus, 607R 
Calippus, 644L 
Callibrachion, 622R 
Callichthyidae, 606R 
Calligenetblon, 613R 
Callignatbus , 603 R 
Callionymidae, 61 OR 
Callionymoidei, 610R 
Callionymus, 610R 
Callipterys, 610L 
Callognatbus , 597R 
Callomenus, 628 R 
Callophoca, 634R 
Callopistes , 617L 
C.allopristodus, 600L 
Callopterus, 604L 
Callorhinchidae, 78, 601L 
Callorhinchus, 601L 
Callorbinus, 635L 
Callorhynchus, 601 L 
Callovosaurus , 622L 
Callyodon, 610L 
Calodontotberium, 646R 
Calogale, 63 3 R 
Calomys, 637L 
Calomyscus, 637L 
Calonectris, 626R 
Caloprymnus , 629L 
Calops , 641R 
Caluromys, 628L 
Camalodon, 63 1R 
Camarasauridae, 301, 302, 
621R 

Camarasaurus , 299, 301, 302, 
62 1R 

Cambayella , 642R 
Camelidae, 514-516, 641L 
Cameliscus, 64 1L 
Camelodon, 63 1R, 64 1L 
Cameloidea, 64 1L 
Camelomeryx, 641 R 
Camelopardalis, 642L 
Camelops, 64 1L 
Camelotia, 621 R 
Camels, 510 
Camelus, 64 1L 
Campbellodus, 596R 
Campepbilus, 625R 
Campodus, 598L 
Campostoma, 605 R 
Camptaspis, 596L 
Camptonotus, 622L 
Camptosaurus, 307, 622L 
Camptotrichia, 152 
Campylocynodon, 635 L 
Campylodoniscus, 621R 
Campy lodus, 60 1R 
Campylognathoides, 336, 
620R 

Campylognathoididae, 620R 
Campy lopleuron, 612L 


Campyloprion, 598L 
Camuropiscidae, 597L 
Camuropiscis, 597L 
Canadapteraspis, 595R 
Canadiptarus , 612L 
Canadipterus, 612L 
Canctidae, 610L 
Candelaria, 615L 
Cane rats, 493 
Canidae, 480-482, 634R 
Caniformia, 480 
Canimartes, 634L 
Canincbaia, 602R 
Cams , 634R 
Canningius, 6 11R 
Canobiidae, 601 R 
Canobius, 98, 107, 601R 
Canoidea, 480-483, 634L 
Canowindra, 61 1R 
Cantharus, 609 R 
Cantbumery x, 642L 
Cantioscyllium , 598R 
Cantius, 468 
Capacikala, 636L 
Capatanka, 636L 
Capelirallus, 625 R 
C apellineosnchus, 620 L 
Capitodus, 605 R 
Capitonidae, 625R 
Capitonides, 625 R 
Capitosauridae, 613L 
Capitosauroidea, 173 
Capra, 642R 
Capreolus , 64 1R 
Caprimulgidae, 625L 
Caprimulgiformes, 351, 625L 
Caproberyx, 608L 
Caproidae, 608 L 
Caprolagus, 639 L 
Capromeryx, 642L 
Capromyidae, 638R 
Capros, 608L 
Caprovesposus, 608L 
Caprovis, 642R 
Captorhinida, 199, 615L 
Captorhinidae, 193, 202, 203, 
207, 615L 
Captorhinids, 211 
C aptorbinikos, 615L 
Captorhinomorpha, 201—203, 
615L 

Captorbinus, 202, 615L 
Captorhinoides, 615L 
Capybaras, 495 
Caracanthidae, 608R 
Carangidae, 129, 251, 582, 
609R 

Carangodes, 61 1L 
Carangopis, 609L 
Carangopsis, 609R 
Caranx, 609R 
Carapace: 

of ankylosaurs, 313 
of armadillos, 556 
of glyptodonts, 556, 557 
of placodonts, 250, 251 
of turtles, 209 
Carapidae, 607R 
Carapus, 357R 
Carassius, 605 R 
Carbonerpeton, 613R 
Carboveles, 601 R 
Carbovelidae, 98, 601R 
Carcharhinidae, 599L 
Carcharhinoidea, 599L 


Carcharhinoids, 76 
Carcbarhinus, 74, 599L 
Carcharias, 599L 
Carchariidae, 599L 
Carchariolamna, 599L 
Carcbariopsis, 598R 
Carcbarocles, 599L 
Carcharodon, 68, 599L 
Carcharodontidae, 599L 
Carcbarodontosaurus, 621L 
Carcharoides, 599L 
Carcharopis, 600L 
Cardiatherium, 638R 
Cardiocepbalus, 614L 
Cardioderma, 63 IR 
Cardiodon, 62 1R 
Cardiomys, 63 8 R 
Cardiosuctor, 612L 
Cardiotherium , 638R 
Cardipeltidae, 595R 
Cardipeltis, 595R 
Caretta, 616L 

Carettochelyidae, 213, 615R 
Carettochelys, 615R 
Cariamae, 352, 625R 
Cariamidae. 352, 625R 
Caribosiren, 646L 
Carinacanthus, 598 L, 598R 
Cariniceps, 61 OR 
Caristiidae, 609R 
Carlnkeus, 61 1R 
Carmargomendesis, 646 R 
Carnassial notches, 520, 521 
Carnassial teeth, 478, 479 
Carniosauria, 290 
Carnivora, 450, 478-485, 
633L 

Carodnia, 553, 647L 
Carodniidae, 647L 
Caroloamegbina, 628L 
Carolozittelia, 647L 
Carotid circulation, 450, 480 
Carp, 1 19 
Carpocycm, 634R 
Carpodaptes, 632L 
Carpoides, 606L 
Carpolestes, 632L 
Carpolestidae, 632L 
Carposorex, 630R 
Carpus: 

of amphibians, 163, 164 
of birds, 342 

of Cenozoic placentals, 480, 
481, 505, 517, 519 
of dinosaurs, 292, 298, 306 
of early placentals, 447, 448 
of lepidosauromorphs, 222, 
223 

of primitive mammals, 410 
Carrionellus, 607R 
Carrolla, 614L 
Carsioptycbus, 63 9R 
Carsosaurus, 618L 
Carsotbrissops, 604L 
Carteremys, 615R 
Cartictops, 635R 
Cartieraspis, 597L 
Cartilage: 
calcified, 23, 30 
development of, 23 
prismatic calcification of, 

63, 78 

strength of, 584 
Cartilage replacement bone, 

23 


INDEX 


657 


Caruichthys, 602L 
Carycinacanthus, 601R 
Casea , 368, 622 R 
Caseidae, 367, 622R 
Caseodontidae, 598L 
Caseodontoidea, 69, 70, 598L 
Caseodus , 598L 
Caseoides , 622R 
Caseopsis, 622R 
Casierius , 604R 
Caspialos, 605 L 
Caspiodontornis, 626R 
Cassandra, 606R 
Cassowary, 347 
Castillomys, 63 7R 
Castor, 636L 
Castoridae, 492, 636L 
Castorimorpha, 636L 
Castoroidea, 492, 636L 
Castoroides, 492, 636L 
Castresia, 615R 
Casuariidae, 624R 
Casuariiformcs, 349, 624R 
Casuarius, 624R 
Cat shark, 76 
Catagonus, 640L 
Catarrhini, 464, 471—476, 
632R 

Catastylops, 646R 
Catervanolus, 604L 
Catfish, 119, 120 
Catbartes, 342 
Cathartornis, 626R 
Catonyx, 648L 
Catopsalis, 627R 
Catopteridae, 602R 
Catopterus, 101, 612L 
Catostomidae, 606L 
C atostomus, 606L 
Cattle, 510 
Caturidae, 108, 603R 
Caturus, 108, 603R 
Caudal autonomy, 206, 225 
Caudal fin shape: 
diphycercal, 71, 105 
hemiheterocercal, 101 
heterocercal, 36 
homocercal, 105 
hypocercal, 34 
reversed heterocercal, 38 
Caudal fins: 

of neopterygians, 105-107 
of primitive teleosts, 115 
of spiny teleosts, 124 
Caudifemoralis, 288, 294, 385 
Caudiverbera, 615L 
Caudochelys, 616R 
Caudoceolus, 62 1L 
Caulophrynidae, 607L 
Cavia, 638 R 
Caviidae, 63 8 R 
Caviodon, 638R 
Cavioidea, 495, 638R 
Caviomorpha, 492-495, 

638R 

Caviops, 63 8 R 

Cavum epiptericum, 392, 402, 
403, 446 
Cayetornis, 624R 
Cebidae, 471, 632R 
Cebochoeridae, 512, 640L 
Cebochoerus, 640L 
Cebupitbecia, 632R 
Cecilionycteris, 631 R 
Cedrochoerus, 630R 


Cedromus, 635R 
Celestus , 617R 
Cement, 534 
Cenchrodus, 602R 
Cenechoia, 603L 
Centetidae, 63 1L 
Centetodon , 630R 
Centimanomys , 636L 
Centracodon, 628L 
Centrarchidae, 609L 
Centrarchites, 609L 
Centrina, 599R 
Centriscidac, 608R 
Centriscus, 608R 
Centrodus, 598R, 600L, 

61 1R 

Centrolepidae, 602L 
Centrolepis, 602L 
Centrolophidae, 61 1L 
C entrophoroides, 599R 
Centrophorus, 599R 
Centrophrynidae, 607L 
Centropomidae, 129, 609L 
Centropomus, 609L 
Centropristis, 609L 
Centropterus, 599R 
Centrosaurus, 622R 
Centro scymnus, 599R 
Centrosqualus, 599R 
Ceonyx, 629L 
Cephalaspidae, 596L 
Cephalaspidomorpha, 35—39, 
42, 596L 

Cephalaspidomorphs, 41 
Cephalaspids, 36 
C ephalaspis, 33, 596L 
C ephalastron, 619R 
Cephalastronius, 619R 
Cephalerpeton, 615L 
Cephalicustroidus, 623 R 
Cephalochordates, 18, 19 
Cephalodiscus, 20 
Cephalogale, 63 5 L 
Cepbalomys, 638R 
Cephalonia, 61 9R 
Cephalophus, 642R 
Cephalopterus, 596L 
Cephalotropis, 644L 
Cephaloxenidae, 602R 
Cephaloxeniformes, 101, 

602 R 

C ephaloxenus, 602R 
Cephanodus, 639R 
Cephenoplosus, 603R 
Cepola, 610L 
Cepolidae, 610L 
Cepphus, 626L 
Ceraertus, 629L 
Ceramurus, 604L 
Cerataelurus, 623R 
Ceratiidae, 607L 
Ceratioidei, 607L 
Ceratochelys, 615R 
Ceratodontidae, 612L 
Ceratodus, 612L 
Ceratoicbthys, 609R 
Ceratodidae, 153, 612L 
Ceratomeryx , 642L 
Ceratomorpha, 645L 
Ceratophrynidae, 615L 
Ceratophrys, 615L 
Ceratopsia, 309-311, 622L 
Ceratopsidae, 310, 622L 
Ceratorhinus, 645 R 
Ceratosauridae, 294, 62 1L 


Ceratosaurus, 296, 62 1L 
Ceratoscopus, 606R, 620R 
Ceratosuchus, 620R 
Ceratotherium, 532, 645R 
Ceratotrichia, 66 
Cercaertus, 629L 
Cercartetus, 629L 
Cercocebus, 632R 
Cercomys, 638R 
Cercopithecidae, 632R 
Cercopithecoidea, 472, 632R 
C ercopithecoides, 632R 
Cercopithecus, 632R 
C erdocyon, 634R 
Cerdops, 623R 
Cerdorhinus, 623R 
Cere, 350 

Ceresiosaurus, 244, 245, 584, 
619L 

Cernictis, 634L 
Cernilepoides, 602R 
Cerorhinca, 626L 
Cerritosaurus, 273, 619R 
Cervalces, 64 1R 
Cervavitulus, 641R 
Cervavitus, 64 1R 
C ervicapra, 643 L 
Cervidae, 519, 641 R 
Cervocerus, 641R 
Cervodama, 64 1R 
Cervoidea, 519, 64 1R 
Cervulus, 642L 
Cervus, 598R, 641R 
Cestracion, 598R 
Cetacea, 450, 505, 522-527, 
643L 

C eterhinops, 643 R 
Cetiosauridae, 300, 301, 621R 
Cetiosauriscus, 62 1R 
Cetiosaurus, 62 1R 
Cctopsidae, 606L 
Cetorhinidae, 599L 
Cetorhinus, 599L 
Cetorhynchus, 643 R 
Cetotheriidae, 525, 644L 
Cetotheriomorphis, 644L 
Cetotheriophanes, 644L 
Cetotheriopsis, 644L 
Cetotherium , 644L 
Chacidae, 606L 
Chadrolagus, 639L 
C hadronia, 630L 
Chaenobryttus, 609L 
Chaenohyus, 640L 
Chaenopsidae, 610R 
Chaeropbon, 632L 
Chaeropus, 628R 
Chaetodipteridae, 609R 
Chaetodon, 609R 
Chaetodontidae, 609R 
Chaetophractus, 647R 
C hagrinia, 6 12L 
C hailicyon, 634R 
C halamytherium, 64 7R 
C halazacanthus, 600L 
Chalcides, 617R 
Chalcosaurus, 61 3 R 
Chalepotherium, 624L 
Chalicomys, 63 6 L 
Chalicotheriidae, 533, 644R 
Chalicotberium, 533, 644L 
Chalicotheroid, 530 
Chalicotheroidea 

(Ancylopoda), 533, 

551, 644 R 


Chalimia, 624L 
Chaliminia, 391, 392, 624L 
Challaia, 603L 
Chamaeleo, 230, 617L 
Chamaeleontidae, 230, 617L 
Chameleons, 230 
Chamops, 61 7R 
Champs, 620 R 
Champsodelphis, 643 R 
Champsodontidae, 610L 
Champsosauridae, 616R 
Champsosaurs, 328, 61 6R 
Champsosaurus, 224 
Chamtwaria, 632L 
Chanaresuchus, 273, 61 9L 
Chanaria, 623 L 
C handlerichthys, 604R 
Changjiangosaurus, 618L 
Changlosaurus, 617R 
Changyonophyton, 597R 
Changyuchelys, 616R 
Chanidae, 605R, 61 1L 
Channichthyidae, 610L 
Channiformes, 129 
Chanoidei, 605R, 61 1L 
Chanoides, 120, 605 R 
Chanopsis, 605L, 605R 
Chanos, 605R, 61 1L 
C haobusaurus, 253, 622R 
Chapalmalania, 634R 
Chapalmatherium, 63 8R 
Chapattimyidae, 638L 
Chapattimys, 638L 
Char, 119 
Characidae, 605 R 
Characiformes, 119, 120, 
605R 

Characilepis, 605 R 
C haracodus, 600R 
Characoids, 119 
Character, 5 
Character state, 5 
Charactosuchus, 620R 
Charadriidae, 626L 
Charadriiformes, 344, 354, 
626L 

Charina, 618L 
Charistosomus, 605 R 
Charitodan, 602R 
Charitosaurus, 602R 
C hasichimys, 638R 
Chasicomys, 638R 
Chasicostylus, 628L 
C hasicotatus, 647R 
Chasicotherium, 646R 
Chasmaporthetes, 633R 
Chasmatosaurus, 269, 384, 
619R 

Chasmatosuchus, 270, 619R 
Chasmites, 606L 
Chasmosaurus , 622L 
Chasmotherium, 645 L 
Chasmotheroides, 645 L 
Chaudhuriidae, 61 1L 
C bauliodus, 606R 
Chauliondontidac, 606R 
Chaunacidae, 607L 
Cheeks, 303, 387 
Cheilodactylidae, 610L 
Cheilodipteridae, 609L 
Cheilophis, 618R 
Cheimarrhychthyidae, 610L 
Cheiracantboides, 60 1L 
Cheiracanthus , 86, 601R 
Cheirodopsis, 602L 
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C beirodus, 99, 109, 602L, 
612L 

Cheirogaleidae, 632 R 
Cheirolepidae, 98, 601R 
Cheirolepis, 86, 90, 92, 95, 
596L, 60 1R 
Cheironectes, 628L 
Cheirostephanus , 599R 
Cheirotherium, 646L 
Cheirothricidae, 606R 
Cbeirothrix, 606R 
Chela , 605 R 

Chelidae, 211, 212, 615R 
Cheliophorus, 596R 
Chelmo, 609R 
Chelodina , 615R 
Chelone, 616L 
Chelonemys, 616L 
Chelonia, 207-214, 615 R, 
616L 

Cbelonicbtbys, 597L 
Cheloniidae, 213, 241, 616L 
Chelonioidea, 212—214, 616L 
Chelospbargis , 616L 
Chelotriton , 614R 
Chelus, 615R 
Chelycarapookidae, 616R 
C.helycarapookus , 61 6R 
Chelyderpeton, 612R 
Chelydra , 615R, 616L 
Chelydridae, 213, 616L 
Chelydrops , 616L 
C helydropsis, 616L 
Chelyodontops, 623 L 
Chelyopborus , 596R 
Chelyoposuchus , 622R 
Cbeiys , 615R 
Chelytherium , 615R 
Chemositia , 644R 
Cheneosaurus, 622L 
Chengyuchelys, 61 6R 
Chenoprosopus, 612R 
Cbeorolophodon, 645R 
Cherminotus, 618L 
Cberminsaurus, 617L 
Cheronotberium, 642L 
C bialingosaurus, 622L 
Chianshania, 635R 
Chiastodus, 598L 
Chiayusaurus , 621R 
Chiaynsuchus , 620 R 
Chickens, 350 
Cbienkosaurus, 62 1L 
Chigutisauridac, 61 3 L 
C bigutisaurus, 613L 
Cbilantaisaurus , 62 1L 
Cbilasoma, 610L 
Cbilingosaurus, 61 8L 
Chilodontidae, 605 R 
Chilomycterus , 61 1 R 
Cbiloscyllium, 598R 
Cbilotherium, 645 R 
C himaera, 60 1R 
Chimaera, 78, 601 L 
Chimaeracantbus, 60 1L 
Chimaeridae, 78, 601L 
Chimacriformes, 78—80, 600R 
Chimaeroidei, 79, 60 1L 
Chimaeropsidae, 600R 
Chimaeropsis , 600R 
Chinchillidae, 638R 
Chinchilloidea, 495, 638R 
Cbinemys, 616L 
Cbingkankousaurus, 621 L 
Chiniquodon, 624L 


Chiniquodontidae, 389, 624L 
Chiniquodontoidea, 624L 
Chinlea, 612L 
Chiodon , 6471, 

Chioglossa , 614R 
Chionididae, 626L 
Chionomys, 637L 
Chirocentrites, 604L 
Chirodipterus, 138, 150, 612L 
Chirodontidae, 98, 99, 602L 
Chirodus, 602L, 607R 
Chiromyoides, 632L 
Chironectes, 432, 628L 
Chironemidae, 610L 
Chiroptera, 463, 464, 63 1R 
Cbirostenotes, 621L 
Chisternon, 615R 
Chitinodas, 600R 
Chitra, 616L 
Chitracephalus , 61 6R 
Cbiivetasanrus, 623R 
Cblamydopborus , 647R 
Chlatnydoselac.be, 77, 599R 
Chlamydoselachidae, 599R 
Chlamydotherium , 647R 
Chlamyphorus, 556, 647R 
Chleuastochoerus , 640L 
Chlorophthalmidae, 606R 
Cblororbysis, 632R 
Cblorotalpa, 63 1L 
Choana, 140, 142 
Choeroclaenus, 509, 639R 
Choerodon , 640L 
Choerolophodon, 645R 
Choeromeryx, 640R 
Choeromorus, 640R 
Choeropitbecus, 632R 
Choeropotamidae, 512, 640L 
Choeropotamus , 640R 
Choeropsis , 511, 512, 640R 
Choeropus, 628R 
Choerotberium , 640L 
Choiropotamns, 640L 
Cholodus, 601L 
Cboloepus, 5 58 
Cbomatobratracbus , 613L 
Chomatodus, 60 1L 
Cbometokadmon , 616R 
Chondrenchclyidae, 600R 
Chondrenchelyiformes, 600R 
Chondrenchelys, 79-81, 600R 
Chondrichthyes, 62-82, 71, 
81, 598-601 
Chondroblast, 23 
Chondrosteans, 90-102 
Chondrostei, 601 R 
Chondrosteidae, 603L 
Chondrosteoidei, 603L 
Chondrosteus, 100, 603L 
Chondrostoma, 605 R 
Cbonecetus , 644L 
Choneziphius, 643R 
Chordate characters, 1 8 
Chorioallantoic placenta, 436 
Chorion, 192, 198 
Chorionic gonadotrophin, 444 
Choristodera, 616R 
Chorlakkia, 639R 
Chorobates, 647R 
Chorotherium, 640R 
Chriacus, 507, 509, 639L 
Cbromatodus , 60 1L 
Chromis, 610L 
Chroniosaurus , 613R 
Chroniosuchidae, 176, 613R 


C hroniosucbus, 613R 
Chrosomus , 606L 
Chroticbtbys, 602R 
Chrysemys, 616L 
Chrysichthys, 606L 
Chrysochlorida, 461 
Chrysochloridae, 63 1L 
Cbrysochloris, 63 1L 
Chrysochloroidea, 63 1L 
C hry sole pis, 61 1R 
Chrysophrys, 609R 
Chrysotriton, 614R 
Cbrystotricha, 63 1L 
Chthomaloporus, 623L 
Chthonosanrus , 623 R 
Chubutisauras , 621 R 
Cbubutodyptes, 627L 
Chubutomys, 63 8R 
Chulsanbaatar , 627R 
Chulsanbaataridae, 627R 
Chumashius, 632R 
Chunga, 625 R 
Cbungchienia, 63 1R 
Cbungkingosatirus, 622L 
Cichlaurus , 610L 
Cichlidae, 610L 
Ciconiidae, 354, 626R 
Ciconiiformcs, 353, 354, 
626R 

Ciconiopsis , 626R 
Cimarronomys , 637L 
Cimatodus, 60 1L 
Cimexomys, 627L, 627R 
Cimolestes, 449, 451, 

454-457, 459, 462, 
463, 464, 478, 479, 
485, 630L 

Cimolichthyidae, 606R 
Cimolichthyoidei, 606R 
Cimolichthys, 606R 
Cimoliornis, 62 1L 
C imolodon, 627R 
Cimolodontidae, 627R 
Cimolomyidae, 627R 
Cimolomys, 627R 
Cimolopterygidae, 626L 
Cingulata, 554— 557, 647R 
Cingulum, 391, 408, 426 
Cinixys , 616L 
Cinosternum , 615R 
Cinotborax, 616L 
Cionichthys, 602R 
Circamustela, 63 4L 
Circotherium , 644 R 
Circulatory system, 17-19 
Cirrhitidae, 610L 
Cistecephalidae, 623 R 
Cistecephaloides, 623 R 
Cistecepbalus , 623 R 
Cistudo, 616L 
Citbaricbtbys, 61 1L 
Citharidae, 61 1L 
Citharinidae, 605R 
Citbarus, 61 1L 
Citula, 609R 
Civettictis , 63 3 R 
Cladacatithus, 600R 
Cladictis, 628 L 
Cladism, 5 
Cladistia, 99, 603L 
Cladoclinus , 628L 
Cladocyclus , 604L 
Cladodidelphys , 628L 
Cladodus, 67, 598L, 600L 
Cladogenesis, 570 


Cladograms, 10, 11 
Cladotepis, 600L 
Cladoselache, 65, 66, 68, 
598L 

Cladoselachian, 63 
Cladoselachida, 68, 69, 598L 
Cladoselachidae, 598L 
Cladosictis, 628L 
Claibornichtbys, 606L 
Clamorosaurus, 612R 
Clamydosaurus , 617L 
Claosaurus, 622L 
Clapasorex, 63 OR 
Clarazia, 616R 
Claraziidae, 616R 
Clarencea, 619R 
Clarias , 606L 
Clariidae, 606L 
Clarkeosteus, 597L 
Clarotes, 606L 
Claspers, 55, 63, 66, 67 
Classification, 1 1 
Claudiosauridae, 619L 
Claudiosaurus , 242, 265, 

619L 

Claustrum, 120 
Cleavage, radial and spiral, 21 
Cleidopus, 608 L 
Cletsthenes, 61 1L 
Cleithrolepidae, 101, 602R 
Cleithrnlepis, 101, 109, 602R 
Clelandina, 623R 
Clemmys, 616L 
Clemmydopsis , 616L 
Cletiia, 628L 
Clenialites , 628L 
Clepsydrops, 622R 
Clepsysaurus, 61 9R 
Clethrionomys, 63 7L 
Clidastes , 232, 233, 618L 
Climacoceras, 64 1R 
Climatic change, 324, 328, 
329, 369, 470, 557, 

589 

Climatiida, 89 
Climatiidae, 86, 60 1L 
Climatiiformes, 601L 
Climatius, 89, 601L 
Climaxodus , 60 1L 
Cling fish, 126 
Clinidae, 610R 
Clinopternodus, 63 1L 
Clittus, 61 OR 
Clouded leopard, 481 
Clupavus, 119, 604L 
Clupea, 118, 605L 
Clupeidae, 605L 
Clupeiformes, 605L 
Clupeocephala, 114, 115, 118 
Clupeoidei, 605L 
Clupeomorpha, 118, 605L 
Clupeonetla, 605L 
Clupeops, 605L 
Clupeopsis, 605 L 
Cnemidophorus , 61 7R 
Cobelodus, 67, 598L 
Cobitidae, 606L 
Cobitis , 606L 
Cobitopsis, 607R 
Cobras, 237 
Cobus, 642 R 

Coccocephalichthyidae, 602L 
Coccocephalichthys, 602L 
Coccocepbalus , 602L 
Coccoderma, 612L 
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Coccodus , 603L 
Coccolepidae, 602L 
Coccolepis, 602L 
Cocconiscus , 602L 
Coccosteidae, 597L 
Coccosteoidea, 597L 
Coccosteomorph, 49 
Coccosteus, 51, 52, 597L 
Cocbilus, 646R 
Cochlea, 403 
Cochleosauridae, 612R 
Cochleosaurus, 612R 
Cochliodontidae, 600R 
Cochliodontoidei, 600R 
Cocbliodus, 79, 80, 600R 
Cochlops , 647 R 
Cockerellites, 610L 
Cocomyidae, 63 8 L 
Cocomys, 488, 491, 638L 
Cocytinus, 178, 614L 
Cod, 123, 125 
Coelacanthidae, 612L 
Coelacanthiformes, 147, 148, 
612L 

Coelacanthini, 136, 153 
Caelacanthus, 612L 
Coelocanthropsis, 612L 
Coelocephalus , 610R 
Coelodon, 648 L 
Coelodonta, 532, 645R 
Coelodus, 603L 
Coelolepis, 596L 
Coelolepids, 34 
Coeloperca, 609L 
Coelopbysis, 290, 291, 303, 
304, 621L 

Coelorhynchus , 61 1L 
Coelorincus, 607R 
Coelosaurus, 62 1L 
Coelostegus, 615L 
Coelosteichthys, 597R 
Coelosteus, 598R, 611R 
Coelostylodon, 646R 
Coelosuchus, 620L 
Coeluridae, 291, 292, 294, 
621L 

C oeluroides, 62 1R 
Coelurosauravidae, 220, 616R 
Coelurosauravids, 229 
Coelurosauravus, 220, 230, 
616R 

Coelurosauria, 290 
Coelurosaurs, 320 
C.oelurus , 62 IL 
Coelutaetus , 647R 
Coendu, 639L 
Coescoes, 629L 
Colbertia , 646R 
Colbertosaurus, 624L 
Coleonyx, 617L 
Colics, 351 
Coliidae, 625L 
Coliiformes, 351, 6251, 

Colins, 625L 
Collagen, 22 
Colobodontidae, 602R 
Colabomycter, 623 L 
Coloborbynchus, 62 1L 
Colobus , 632R 
Colodon, 645L 
Colodus, 602R 
Colombitheriidae, 647R 
Colombitherium, 647R 
Colombophis, 61 8 R 
Colonodus, 61 1R 


Coloraderpeton , 613R 
Coloradia, 621 R 
Coloradoeumys, 637L 
Colossochelys, 616R 
Colosteidae, 612R 
Colosteoidea, 170, 612R 
Colosteus, 170, 612R 
Colpoclaenus , 639L 
Colpodon, 646R 
Colpodontosaurus , 618L 
Colpopholis, 605 R 
Colpostemma, 638 R 
Coluber, 618L 
Colubridae, 235, 238, 61 8 R 
Colubrifer , 617L 
Colubroidea, 618R 
Columba , 625L 
Columbidae, 350, 625L 
Columbiformes, 350, 625L 
Columbomys, 63 8 L 
Columella (stapes), 181 
Colymboides , 356, 627L 
Colymbus, 627L 
Comephoridae, 609 L 
Commentrya , 602L 
Commentryidae, 602L 
Comodactylus , 620R 
Comonecturoides, 614R 
Competition, 419, 588 
Compressidens , 618L 
Compsacanthus, 598R 
Compsemys, 615R 
Compsodon, 623 R 
Compsognathidae, 62 1L 
Compsognathus, 291, 339, 
340, 621L 

Compsosuchus, 62 1R 
Cottacodon, 639R 
Conaspidotherium , 639R 
Conchiopsis , 61 2L 
Conchiosaurus , 619L 
Conchocbelys, 616L 
Conchodus, 612L 
Conchopoma, 152, 612L 
Conchopomidae, 612L 
Condylartha, 449, 502—507, 
63 9L 

Condylura, 630R 
Conepatus , 634L 
Conger, 604R 
Congermuraena, 604R 
Congiopodidae, 608 R 
Congorhynchus, 6 1 1 L 
Congosaurus, 620L 
Congridae, 604R 
Congrogadidae, 6 I OL 
Coniasaurus, 618L 
Conicodontosaurus, 618L 
C oniopbis, 618L 
Coniomis, 624R 
Conjunctio, 612R 
Connective tissue fibers, 23 
Connochaetes, 642R 
Conodonictis, 628L 
Conodontes , 63 6 L 
Conodus, 603 R 
Conoryctella, 63 1R 
Conoryctes, 63 3 L 
Consobrinus, 633L 
Contogenys, 617R 
Contritosaurus, 6151. 
Conuropsis, 625L 
Convallisodon , 63 1R 
Convergence, 7 
Conys, 545, 546 


Coona, 628L 
Coots, 353 
Cooperia, 645 L 
Copanognatbus, 597R 
Copeichthys, 605 L 
Copelemur , 605L 
Copemys , 63 7L 
Cophocetus, 644L 
Copodontidae, 600R 
Copodontiformes, 600R 
Copodonts, 80 
Copodus, 598L, 600R 
Copperheads, 237 
Coprolitcs, 3 

Copulatory organs, 182, 198, 
235 

Coracii, 625 L 
Coraciidae, 625L 
Coraciiformes, 351, 625 L 
Coracinidae, 609R 
Coral snakes, 237 
Corax, 599L 
Cordicephalus, 614R 
Cordillerion, 645R 
Cordylidae, 231, 617R 
Cordylodon, 63 1L 
Coregonus, 605R 
Coriops , 604R 
Coriphagus, 63 0L 
Co ris, 610L 
Cormohipparion, 644L 
Cormorants, 355 
Comuboniscidae, 60 1R 
Cornuboniscus, 601 R 
Cornwallius, 646L 
Coronodontia, 598 L 
Coronodus, 598L 
Corosaurus , 61 9L 
Corpus luteum, 444 
Corsochelys , 616L 
Corunegenys, 603 L 
Corvaspidae, 595R 
C.orvaspis, 595 R 
Corvidae, 625 R 
Corvus, 625 R 
Corydoras, 606 R 
Corynorbinus, 632L 
Coryphaenidae, 609R 
Coryphaenoides , 607R 
Coryphodon, 459, 613R 
Coryphodontidae, 63 1R 
C.orysodon, 76, 598R 
Corytbosaurus, 309, 622L 
Corytopbanes, 617L 
Cosesaurus, 619L 
Cosmacantbus, 597R, 600R 
Cosmaspis, 595R 
Cosmine, 90, 137, 152 
Cosmochelys, 616L 
Cosmodus, 603 L 
Cosmolepis, 602L 
Cosmopolitodus , 599L 
Cosmopoma, 602L 
Cosmoptychiidae, 60 1R 
Cosmopty chius, 601 R 
Cosomys, 637L 
Cosoryx, 642L 
Costaicbtbys, 608L 
Costal plates, 383, 388, 396 
Costasaurus, 618L 
Cotimus , 63 7L 
Cottidae, 609L 
Cottocomephoridae, 609L 
Cottoidei, 609L 
Cottopsis, 609L 


Cottus, 609L 
Coturnicops, 625 R 
Cotylorbynchus, 368, 622R 
Cotylosauria, 1 99 
Countercurrent heat 

exchanger, 213, 480, 
481 

Cownosed ray, 78 
Cracidae, 625 L 
Cragievanus, 624L 
Cramauchenia, 647L 
Cranes, 352, 353 
Cranial kinesis: 

of dinosaurs, 292, 297 
of lizards, 229 
of nectrideans, 178 
of primitive tetrapods, 159, 
160 

of rhipidistians, 142, 143 
of snakes, 236 
Cranial nerves, 22, 37, 38 
Craniglanidae, 606L 
C ranioceras, 64 1R 
Cranodus, 600R 
Crapartinella, 623 R 
Crapartinellidae, 623R 
Craspedochelys , 616L 
Craspedodon, 622L 
Crassicuon, 634R 
Crassidonta, 600L, 600R 
Crassigyrinus, 168, 169, 170, 
612R 

C.rataeomus , 6221. 
Craterogale, 634L 
Craterosaurus, 622L 
Cratogeomys, 63 6R 
Cratoselacbe, 598L 
Creccoides, 625R 
Crednidentex, 609R 
Creediidae, 610L 
Crenilabrus, 610L 
Crenilepis, 602R 
Crenolepis , 602R 
Crenosteus, 595R 
Creodapis, 63 9L 
Creodonta, 450, 478-480, 
633L 

Creotarsus, 63 1L 
Cretascymnus, 599R 
Cretolamna, 599L 
Cretoxyrhina, 599L 
Cretoxyrhinidae, 599L 
Cricetidae, 492, 495, 637L 
Cricetinus, 637L 
Cricetodon, 637L 
Cricetops , 63 7 L 
Cricetulodon, 63 7L 
Cricetulus , 637L 
Cricetus, 63 7L 
Cricodon, 624L 
Cricodus, 6 1 1 R 
Cricosaurus, 620L 
Cricotus, 613R 
Crinifer , 624R 
Crinodon, 614L 
Criorbynchus, 621 L 
Criotberium, 624R 
Cristidentinus, 645L 
Cristigerina, 609L 
Crivadiatberium, 543, 646L 
Crocidosorex, 63 1L 
Crocidura, 63 1L 
Crocodilaemus, 620L 
Crocodile-normal tarsus, 272, 
276 
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Crocodile-reverse tarsus, 272, 
276 

Crocodile shark, 76 
Crocodiles, 328 
Crocodiloid tarsus, 272 
Crocodilus, 620R 
Crocodylia, 277-283, 321, 
620L 

Crocodylidae, 283, 620R 
Crocodylus , 283, 620R 
Crommyodus , 609R 
Cromptodon , 624L 
Crossarcbus, 633 R 
Crossocbelys, 61 5R 
Crossognathidae, 604R 
Crossognathus, 604R, 605L 
Crossopholis, 603 L 
Crossopterygii, 136, 61 1R 
Crossopus, 631L 
Crossorbinops, 598R 
Crossorhinus, 76, 598R 
Crossotelos, 614L 
Crotalidae, 237, 61 8R 
Crotalus , 618R 
Crotaphytus , 229, 271, 617L 
Crucimys, 63 5 R 
Crurosaurus, 622 R 
Crurotarsal joint, 272 
Crusafontia, 627R 
Cryobatrachus, 613L 
Cryphiolepidae, 98, 601 R 
Cryphiolepis, 601 R 
Crypholestes, 630L 
Cryporyctes, 630R 
Cryptacanthodidae, 610L 
Cryptaspis, 595R 
Cryptobatistes, 61 1L 
Cryptoberyx, 608 L 
Cryptobranchidae, 186, 614L 
Cryptobranchoidea, 614L 
Cryptobranchus , 614L 
Cryptocleidus , 247, 248, 619L 
Cryptoclididae, 619L 
Cryptoclidus, 61 9L 
Cryptocynodon, 623 R 
Cryptodira, 210-214, 615R 
Crypotdraco , 314, 622L 
Cryptomeryx, 64 1R 
Cryptomys, 638L 
Cryptopitheous , 630L 
Cryptopterus, 636L 
Cryptoryctes , 630R 
Cryptotis, 63 1L 
Crypturellus, 624R 
Cseria, 637L 
Ctalecarodnia , 647L 
Ctemys, 63 8 R 
Ctenacanthida 

(Ctenacanthiformes), 

63, 72-74, 598 L 
Ctenacanthidae, 598L 
Ctenacanthiformes, 598L 
Ctenacanthoidea, 598L 
Ctenacanthoids, 72—74 
Ctenacantbus, 598L 
Ctenacodon , 627L 
Ctenaspis, 32, 595R 
Ctenerpeton, 614L 
Cteniogenys, 617L, 61 8L 
Cteniolepis, 604L 
Cteniosaurus, 623R 
Ctenocephalichthys, 608L 
Ctenochasma, 620R 
Ctenochasmaddae, 620R 
Ctenochelys, 6 16L 


Ctenodactylidae, 638L 
Ctenodactyloidea, 491, 638L 
Ctenodentex, 609 R 
Ctenodontidae, 612L 
Ctenodus, 612L 
Ctenomyidae, 63 8R 
Ctenopetalus, 60 1L 
Ctenopbaryngodon, 606L 
Ctenopleuron , 596L 
Ctenopoma, 608R 
Ctenopomichthys, 608 R 
Ctenopristis, 599R 
Ctenoptychius, 600L, 601 L 
Ctenosaura, 617L 
Ctenosauriscidae, 619R 
Ctenosauriscus, 619R 
Ctenospondylus , 622R 
Ctenothrissa, 124, 125, 607L 
Ctenothrissidae, 607L 
Ctenothrissiformes, 124, 125, 
3607L 

Ctenurella, 55, 596R 
Cualabaea, 612L 
Cuboid, 410 
Cuckoos, 350 
Cuculidae, 624R 
Cuculiformes, 350, 624R 
Cullinia, 647L 
Culter, 606L 
Cumnoria , 622L 
Cunampaia, 625 R 
Cunampaiidae, 625R 
Cuneiform, 410 
Cuort, 634R 
Cuora, 616L 
Cupidinimus, 636R 
Cupressimus, 636R 
Curassows, 350 
Curimaddae, 605R 
Curimatus , 605R 
Cursoricoccyx, 624R 
Curtodus, 598R 
Cuscus, 629L 

Cutaneous respiration, 164, 
181, 182 
Cutleria , 622 R 
Cuttysarkus, 614R 
Cuvierienoninae, 539 
Cuvieronius, 645R 
Cuyamalagus, 63 9 L 
Cuyosuchus, 619R 
Cyamodonddae, 622R 
Cyamodus, 250, 622R 
Cyanocepbalus , 477 
Cyanosaurus , 624L 
Cyanosuchus, 624 L 
Cyathaspididae, 30, 31, 595R 
Cyathaspis, 595 R 
Cybiosarda, 610R 
Cybiutn, 61 OR 
Cyclanorbis, 616L 
Cyclarthrus, 599R 
Cyclemys, 616L 
Cyclobatis, 76, 78, 599R 
Cycloderma, 616L 
Cyclodiscaspis, 596L 
Cyclolepis, 605 R 
Cyclolepoides, 605 R 
Cyclomylus, 635R 
Cyclopes, 559 
Cyclopidius, 640R 
Cyclopoma, 609L 
Cycloptendae, 609 L 
Cyclopterus, 609L 
Cycloptychius, 60 1R 


Cyclospondylus, 603 R 
Cyclostomes, 39-42 
Cy clostomis, 596R 
Cyclotbone, 606R 
Cydotosaurus, 613L 
Cyclura, 617L 
Cyclurusypamia, 603R 
Cycnorhamphus, 620R 
Cyemidae, 604R 
Cygnopterus, 354, 626R 
Cylindracanthus, 61 1L 
Cylindrodon, 635R 
Cylindrodonddae, 635R 
Cylloides, 608 L 
Cymatodus, 600R, 60 1L 
Cymatosauridae, 619L 
Cymatosaurus, 619L 
Cymbalophus , 645 L 
Cymbospondylus, 254, 255, 
257, 622R 

Cymripteraspis, 595R 
Cynaelurus, 633 R 
Cynarctoides, 634R 
Cynarctus, 634R 
Cynelos, 635L 
Cynictis, 633R 
Cynidiognathus, 624L 
Cyniscopoides, 623R 
Cynocephalidae, 630L 
Cynocephalus, 63 2 L 
Cynochampsa, 624L 
Cynodesmus, 634R 
Cynodictis, 63 5 L 
Cynodon, 635L 
Cynodontia, 378—397, 624L 
Cynodonddae, 605R 
Cynodontomys, 632L 
Cynodontosuchus, 620L 
Cynoglossidae, 61 1L 
Cynoglossus, 61 1L 
Cynognathidae, 386, 624L 
Cynognathoidea, 624L 
Cynognatbus, 386, 387, 403, 
‘ 624L 

Cynohyaenodon, 633 L 
Cynomys, 636L 
Cynopodius, 600L 
Cynorca, 640 L 
Cynoscion, 609R 
Cynosuchus, 624L 
Cyon, 634R 
Cyonasua, 563, 634R 
Cyphantbropus, 633L 
Cyphornis, 626L 
Cypressaurus, 6 17L 
Cyprinidae, 120, 605R 
Cypriniformes, 119, 120, 
605R 

Cyprinodon, 607R 
Cyprinodonddae, 127, 607R 
Cyprinodondformes, 607R 
Cyprinodontoidea, 607R 
Cyprinoids, 119 
Cyprinus, 606L 
Cypselavus, 625 R 
Cypseloides, 625R 
Cyriacotheriidae, 63 1R 
Cyriacotherium, 63 1R 
Cyrtaspidichthys, 595R 
Cyrtaspis, 595R 
Cyrtlatberium, dTJ 
Cyrtodactylus , 617L 
Cyrtodelphis, 643 R 
Cyrtonodus, 600R 
Cyrtosteus, 597R 


Dabasacanthus, 598L 
Dabbenea, 638R 
Dacatylodus, 60 1L 
Dacentrurus, 622L 
Dacquemys, 615R 
Dactylodus, 600R 
Dactylopsila, 455 
Dactylopteridae, 608R 
Dactylopteriformes, 127, 
608R 

Dactylosaurus, 584, 61 9L 
Dactyloscopidae, 61 OR 
Daedalichthys, 602R 
Daedalosaurus , 61 6R 
Daeodon, 640L 
Dakkamys, 63 7L 
Dakosaurus, 620L 
Dakotaophis, 618L 
Dakatasuchus, 620L 
Dakotornis, 626L 
Dakotomithidae, 626L 
Dalatias, 599R 
Daladidae, 599R 
Dalpiazella, 604R 
Dalpiazia, 599R 
Dama, 64 1 R 
Damacerus, 64 1R 
Damalavus, 642R 
Damaliscus, 642R 
Damalops, 642R 
Damaspis, 596 L 
Datikomys, 637L 
Danubiosaurus, 622L 
Dapalis, 609L 
Dapediidae, 603 L 
Dapedium, 603 L 
Dapedius, 107, 603L 
Dapedoglossus, 604L 
Daphoenictis, 635L 
Daphoenocyon, 635 L 
Daphoenodoti, 635L 
Daphoenus, 635L 
Daptinus, 6 04L 
Daptocephalus, 623 L 
Darchansaurus, 61 7R 
Dartbile, 605 R, 611L 
Dartmuthia, 596 L 
Dartmuthiidae, 596L 
Dartonms, 630R 
Darwin, as a measure of 

evolutionary rate, 575, 
576 

Darwinian selection theory, 
570 

Dasceles, 609L 
Dasibatus, 600L 
Dasornis, 626R 
Daspletosaurus, 297, 621 L 
Dassie rats, 493 
Dasyaddae, 600L 
Dasyatis, 600L 
Dasybatus, 600L 
Dasyceps , 612R 
Dasycercus, 628R 
Dasygnathus, 619R 
Dasylepis, 596L 
Dasylurmja, 628R 
Dasymys, 637R 
Dasypodidae, 647R 
Dasyproctidae, 647R 
Dasypterus, 632L 
Dasypus, 556, 647R 
Dasyuridae, 435, 436, 628R 
Dasyurinus, 628R 
Dasyuroidea, 435, 436, 628R 
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Dasyuroides , 628R 
Dasyurops, 628 R 
D asyurotherium, 628 L 
Dasyurus, 628R 
Datheosaurus , 622R 
Daubentoniidae, 632R 
Daunichthys, 606 L 
Daunoplis, 618L 
Davelaspis, 595R 
Davichthys, 604R 
Dawsonemys , 635 R 
Dawsonophis, 61 8R 
Dayongaspidae, 596L 
Dayongaspis , 596L 
Dayohyus , 640L 
Decaconus, 647L 
Decapterus, 609R 
Decennatherium , 642L 
Decoredon, 639R 
Decticadapis, 635 R 
Deep-sea scaly dragonfishcs, 
121 

Deer, 510 
Dege, 627L 
Dehmiella, 614R 
Deinocheiridae, 62 1L 
Deinocheirus, 290, 62 1L 
Deinodus, 597R 
DeinonychuSy 293, 294, 332, 
340, 62 1L 
Deinosuchus , 620R 
Deinotheriidae, 646L 
Deinotherioidea, 539, 540, 
646L 

Deinotherium, 540, 646 L 
Deirolepis, 600L 
Deirosteus, 597L 
Delahomeryx, 64 1L 
Delorhynchus , 623L 
Delphinapteridae, 643 R 
Delphinapterus, 643R 
Delphinauus, 643R 
Dclphinidae, 525, 643R 
Delphinodon, 643 R 
Delphinognatbus, 623 L 
Delphinoidea, 525, 643R 
Delphinopsis , 643R 
Delphinornis, 627L 
DelphinosauruSy 255, 622R 
Delphinus, 643R 
Delphodon, 628L 
Delphyodontos, 600R 
Deltacephalus, 61 3 L 
Deltasaurus, 613L 
Deltatheridiidae, 627R 
Deltatheridium , 627R 
Deltatherium, 430, 458, 639 L 
Deltatheroides, 627R 
Deltistes, 606L 
Deltodopsis, 600R 
Deltodus, 600R 
Deltoptychius, 79, 600R 
Democricetodon, 637L 
Denaea, 65, 598L 
Dendracanthus, 60 1L 
Dendrerpeton 171, 172, 612R 
Dendrerpetontidae, 612R 
Dendrochen, 626R 
Dendrodorcopsis , 629L 
Dendrodus, 61 1R 
Dendrolagus, 629L 
Dendromus, 63 7R 
Dendropithecus, 63 2 R 
Dendroptychius, 61 1R 
Denebola, 643 R 


Dens, 396 
Dental lamina, 62 
Dentex, 609R 
Denticipitidae, 605L 
Denticipitoidei, 605L 
Dentine, 22 
Dentition: 

of acanthodians, 88, 89 
of amphibians, 160, 181, 
182 

of bradyondonts, 80 
of dinosaurs, 299, 306 
of early mammals, 407, 408 
of early placental mammals, 
446, 447 

of holocephalians, 79, 80 
of lungfish, 148, 152 
of marsupials, 430, 431 
in multiple tooth rows, 202, 
308 

of palaeoniscoids, 94 
of primitive sharks, 67 
of rhipidistians, 141 
Deperetella , 645 L 
Deperetellidae, 530, 645L 
Deperetia, 64 1R, 642R 
Deprandus, 604 R 
Depressor mandibulae, 396 
Dercetidae, 122, 606R 
Dercetis, 121, 606R 
Derichthyidae, 604R 
Dermal armor, 271, 274, 275, 
279, 282, 303, 555, 
557 

Dermal bone, 23 
Dermal denticles, 600L 
Dermal fin rays, 105 
Dermatemydidae, 213, 615R 
Dermatemys , 615R 
Dermochelyidae, 241, 616L 
Dermochelys , 213, 616L 
Dermodactylus , 620R 
Dermophis, 188 
Dermoptera, 477, 630L 
Derorhynchus, 628L 
Derrhias, 607R 
Derwentia, 613L 
Deseadomys, 63 8 R 
Desmacanthus, 598R 
Desmagale, 630R 
Desmana , 630R 
Desmanella, 630R 
Desmathyus, 640L, 640R 
Desmatochelys, 616L 
Desmatochoerus, 604R 
Desmatoclaenus, 639L 
Desmatodon, 194, 613R 
Desmatolagus, 639L 
Desmatophoca , 635L 
Desmatophocidae, 483, 484, 
635 L 

Desmatosuchus, 273, 619R 
Desmatotherium, 645L 
Desmatotitan , 644R 
Desmemys, 616L 
Desmichthys, 609R 
Desmodillus, 637L 
Desmodus, 63 1R 
Desmognathus, 614R 
Desmoporella, 596R 
Desmostylella , 6461. 
Dcsmostylia, 537, 540-542, 
646L 

Desmostylidae, 646L 
Desmostylus, 541, 646L 


Determinate cleavage, 21 
Detrahens mandibulae, 421 
D euterogonodon, 639L 
Deuterosauridae, 623L 
Deuterosaurus , 623 L 
Deuterostomes, 21 
Deuterotberium , 647L 
Development, 583, 584 
of marsupials, 444, 445 
of placentals, 444, 445 
of primitive chordates, 21 
Deveonema, 597L 
Devil rays, 78 
Devincenzia , 625 R 
Deviolepis , 600L 
Devotionchus, 601 R 
Devonosteus, 61 1 R 
Diabolichthyes, 148-150, 
612L 

Diabolus, 628R 
Diacocboerus, 630R 
Diacodesinae, 510 
Diacodexis, 507, 509, 510, 
514, 517, 639R 
Diacodon, 630L 
Diacranodus, 598R 
Diacronus, 635R 
Diadectes, 194, 196, 199, 
613R 

Diadectidae, 199, 613R 
Diademodon, 387, 624L 
Diademodontidae, 387, 624L 
Diademodus , 598L 
Diadiaphorus, 549, 647L 
Diadophis, 61 8R 
Diadsomaspis, 597L 
Diamantnbyus , 640L 
Diamantomyidae, 63 8 R 
Diamantomys, 638R 
Dianchungosaurus, 622L 
Diandongaspis, 596L 
Dianolepis, 597R 
Dianosuchus, 281, 620L 
Dianotitan, 644R 
Diaphorapteryx, 625R 
Diaphorocetus, 644L 
Diaphorodon, 628L 
Diaphorognathus, 602L 
Diaphoromys , 628R 
Diaphus, 606R 
Diaphyodectes, 630L 
Diaphyodus , 610L 
Diapsid, 200 
Diapsida, 61 6R 
Diarcodon, 629L 
Diarthrognathus, 391, 392, 
624L 

Diastema, 387, 388, 452 
Diastichus, 606L 
Diatomoeca, 608 L 
Diatomys, 638L 
Diatropomis, 355, 626R 
Diatryma , 353, 626L 
Diatrymatidae, 626L 
Diatrymidae, 353, 626L 
Diatrymiformes, 353, 626L 
Dibamidae, 617R 
Dibelodon, 646L 
Dibolosodon, 61 8L 
Dibothrosuchus, 620L 
Dibunodon , 645 R 
Dicamptodon, 614R 
Dicamptodontidae, 614R 
Dicardia, 638R 
Dicea, 639L 


Dicellopyge, 602L 
Dicellopygidae, 602L 
Dicentrarcbus, 609 L 
Dicentrodus, 600L 
Diceratherium, 645R 
Diceratiidae, 607L 
Diceratosaurus , 614L 
Dicerorhinus, 532, 645R 
Diceros, 532, 645R 
Dichelodus, 600R 
Dichelospondylus, 603 R 
Dichistiidae, 609R 
Dicbobune , 639R 
Dichobunidae, 507, 509, 510, 
512, 639R 
Dichobuninae, 510 
Dichodon, 64 1L 
Dickosteus, 597L 
Drcksonosteus, 50, 597L 
Diclitodus, 600R 
Dicoelopborus, 638R 
Dicoryphochoerus, 640L 
Dicotyles, 640R 
Dicotylidae, 640 L 
Dicraeosaurus, 62 1R 
Dicrenodus, 598R, 600L 
Dicrocerus , 642L 
Dicrocynodon, 627L 
Dicrodon, 617R 
Dictaspis, 595R 
Dictea, 60 1L 
Dictyaspidella , 595 R 
Dictynopterus, 608L 
Dictyocepbalus, 613L 
Dictyodus, 610R 
Dictyolepis , 596L 
Dictyonosteus, 612L 
Dictyopleurichthys, 602R 
Dictyopyge , 602R 
Dictyopygidae, 602R 
Dicyclotherium, 646L 
Dicynodon, 374, 623L 
Dicynodontia, 374—376, 623L 
Dicynodontidae, 623L 
Dicynodontoides, 623 R 
Didelphidae, 431, 432, 628L 
Didelpbidectes, 628L 
Didelphis, 405, 410, 421, 

431, 448, 456, 586, 
628L 

Didelphodon, 628L 
Didelpbodus, 429, 630R 
Didelphoidea, 431, 432, 628L 
Didelphops, 628 L 
Didelphopsis , 628 L 
Didelphyodus, 630R 
Didelphys, 62 8L 
Didermocerus, 645 R 
Didolodontidae, 547, 549, 
639R 

Didolodus, 549, 639R 
Didus, 625L 
Didymictis, 633R 
Didymoconidae, 648 L 
Didymoconus , 648L 
Diellipsodon, 647R 
Diertmidae, 608 L 
Dtgalodon , 623L 
Digastric, 421 
Digerrhum, 616R 
Digestion of cellulose, 438, 
477,517,558 
Digitigrade, 288 
Diheterocnus, 64 7R 
Diictodon, 623R 
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Diictodontia, 623R 
Diictodontidae, 623 R 
Dikenaspts , 595R 
Dikkomys , 636R 
Dilamba, 63 1R 
Dilambdodonty, 462 
Dilestes, 628L 
Dilopbodon, 645 L 
Dilophosaurus, 290, 294, 295, 
621L 

Dimacrodon , 623L 
Dimetrodon, 363—366, 369, 
370, 371, 385, 394, 
622R 

Dimodosaurus , 62 1R 
Dimorphodon, 334, 336, 340, 
620R 

Dimorphodontidae, 620R 
Dimorpholepis, 602R 
Dimylechinus, 630R 
Dimyleus, 600R 
Dimylidae, 63 1L 
Dimyloides, 63 1L 
Dimylus , 63 1 L 
Dinacantbodes, 60 1R 
Dinaelurus, 633R 
Dinanomodon, 623 L 
Dinarctotberium, 635L 
Dinaspidella, 595R 
Dinaspis, 595R 
Dinelops, 604R 
Dinichthyidae, 597R 
Dinichthyloidea, 597R 
Dinichthys, 597R 
Dinictis, 633 R 
Dinilysia, 235-237, 618R 
Dinilysiidae, 618R 
Dinnebitodon , 624L 
Dinnetherium , 406, 413, 414, 
420, 627L 
Dinobastis , 633R 
Dinocephalia, 371, 623L 
Dinoceras, 460, 63 1R 
Dinocerata, 459, 460, 63 1R 
Dinochelys, 616R 
Dinocrocuta, 633R 
Dinocynops, 643 R 
Dinocyon , 635L 
Dinoducus, 62 1R 
Dmodontosaurus, 6231. 
Dinofelis , 633R 
Dinogale, 634L 
Dinogorgon , 623R 
Dinohippus, 644L 
Dinobyus, 640L 
Dinomyidae, 63 8 R 
Dinomylostoma , 597R 
Dinophis, 618R 
Dinophoneus, 623L 
Dinopithecus, 632R 
Dinopterygidae, 608L 
Dinopterygoidei, 608L 
Dinopteryx, 608L 
Dtnorms, 349, 624R 
Dinornithidae, 624R 
Dinornithiformes, 348, 624R 
Dinosaurs, 286-330 
Dinosorex, 631 L 
Dinosucbus, 620L, 623 L 
Dinoziphius, 644L 
Diocartherium, 638R 
Diodon, 6 1 1 R 
Diodontidae, 61 1R 
Dioduntopsodus, 6011. 
Diogenornis , 624L 


Diomedea , 626R 
Diomedeidae, 356, 626R 
Dionda, 606L 
Diopecepbalus, 620L 
Diopeus, 622R 
Dioplotherium, 646L 
Diornis , 624R 
Diorocetus, 644L 
Dipavali , 639R 
Dipbyodus, 603 L 
Dipilus, 628R 
Diplacanthidae, 89, 601 L 
Diplacanthoides, 60 1 L 
Diplacanthus , 86, 601L 
Diplacodon, 644R 
Diplacodus , 600R 
Diplartiopus, 641L 
Diplasiotherium, 647L 
Diplaspis, 595R 
Diplobune, 641 L 
Diplobunops, 514, 640R 
Diplocaulidae 

(Keratepetontidae), 

179, 614L 

Diplocaulus, 179, 6141. 
Diploceraspis, 179, 614L 
Diplocercidae, 612L 
Diplocercides, 6121. 
Diploclonus , 644R 
Diploctus , 598R 
Diplocynodon , 627L, 620R 
Diplodocidac, 301, 302, 621R 
Diplodocus, 299-302, 621R 
Diplodoselache, 65, 71, 598R 
Diplodoselachidae, 598R 
Diptodus, 67, 71, 598R, 609R 
Diploglossa, 61 7R 
Diploglossus, 617R 
Diplognathus , 597R 
Diplolepis, 606R 
Diplolophodon , 645L 
Diplolophus, 636R 
Diplomesodon , 63 1L 
Diplomystidae, 606L 
Diplomystus , 115, 605L 
Diplophodon, 645 L 
Diplopterax, 61 1R 
Diplopterus , 61 1 R 
Diplopus, 640R 
Diplorhina, 28—35, 595R 
Diplosaurus , 620L 
Diplovertehron , 613R 
Diplurus, 147, 612L 
Dipnoi, 136, 148-153, 612L 
Dipnorhynchidae, 612L 
Dipnorhynchus , 151, 612L 
Dipodidae, 492, 636R 
Dipodoidea, 492, 636R 
Dipodomys, 636 R 
Dipoides, 636L 
Diposaurus, 617L 
Dipriacantbus , 600R 
Diprionomys, 636R 
Dipristis, 60 1L 
Diprotodon , 438, 629L 
Diprotodonta, 629L 
Diprotodontidae, 438, 439, 

62 9L 

Diprodontoidea, 436-439, 
629L 

Dipsalidictides, 633L 
Dipsalidictis , 63 3 L 
Dipsalodon, 633 L 
Dipteridae, 612L 
Dipteroides , 612L 


Dipteroma , 6021. 
Dipteronotus, 602R 
Dipterus, 148, 151-153, 
612L. 

Diptopterus, 61 1R 
Dipus, 636R 
Diracodon, 622L 
Diradias , 6051. 

Dirk-toothed cats, 483 
Discoglossidae, 185, 614R 
Discoglossus , 61 4R 
Discolomys, 638R 
Discosauriscidae, 176, 613R 
Discosauriscus, 176, 613R 
Discosaurus , 61 9R 
Discrostonyx, 63 7L 
Disichtbys, 603L 
Dissacus, 520, 521, 643L 
Dissacusium, 643 L 
Dissodus, 598R 
Dissopsalis, 633 L 
Dissorophidae, 172, 184, 
612R 

Dissorophus , 612R 
Disteiromys, 639L 
Distichodontidae, 605 R 
Disticbolepis, 603R 
Distylophorus, 646R 
Ditaxiodus, 603R 
Ditetrodon, 63 1R 
Ditrema , 610L 
Ditremidae, 610L 
Ditricbosaurus , 615R 
Dittodus , 598R 
Divers, 356 
Diving petrels, 356 
Dixeya , 62 3 R 
Dohrowlania, 596R 
Docodon, 415, 627L 
Docodonta, 414-416, 627L 
Docodontidae, 627L 
Dodo, 347, 350 
Doedicurinae, 557 
Doedicuroides , 647R 
Doedicurus, 647R 
Doellotatus, 612L 
Dokkoderma, 612L 
Doleserpeton, 168, 184. 185, 
187, 612R 

Doleserpetontidae, 6 I2R 
Dolicavia, 638R 
Dolichocebus, 632R 
Dolichochampsa, 620R 
Dolichochampsidae, 620R 
Dolichodoryceros, 642L 
Dolichohippus, 644L 
Dolicbopareias, 614L 
Dolichopithecus , 472, 632R 
Dolicborbinus, 644R 
Dolichorhynchops, 619L 
Dolichosauridae, 232, 236, 
618L 

Dolichosaurus, 61 8L 
Dolicbosoma, 613R 
Dolichosuchus, 621 L 
Dolichuthinoides , 644R 
Dolichotis, 638 R 
Dolichuranus , 623L 
Doliocboerus, 640R 
Doliodus, 60 1R 
Doliosauriscus, 623 L 
Doliosaurus, 623L 
Dollochelys , 616L 
Dollopterus , 602R 
Doliosaurus , 6181. 


Dollosuchus, 620 R 
Dolniceophis, 618R 
Dolomys, 637L 
Dolophonodus , 598L 
Dolphins, 525 
Domeykos, 605 L 
Domnina, 462, 63 1L 
Domninoides, 630R 
Dongfangaspis, 596L 
Dongusia, 619R 
Donrussellia , 632R 
Dontacanthus, 60 1L 
Doradidae, 606L 
Doragnatbus, 612R, 620R 
Doratodon, 620L 
Doratodus, 598R 
Dorcabune , 641 R 
Dorcadoryx, 642R 
Dorcadoxa, 642 R 
Dorcameryx , 642L 
Dorcatheriwn, 64 1R 
Dorcopsis, 629L 
Dorcopsoides, 629L 
Dormaaliidae, 630L 
Dormaalius, 630L 
Dormice, 492 
Dorralestes, 639R 
Dorsal hollow nerve cord, 17 
Dorsal hypurals, 105 
Dorsal longitudinal ligament, 
143 

Dorsetisauridae, 231, 618L 
Dorsetisaurus, 618L 
Dorsetochelys , 615R 
Dorudon, 643 L 
Dorudontidae, 523, 524 
Dory, 127 

Doryaspis, 33, 595R 
Dorygnathus, 620R 
Doryphorosaurus , 622L 
Dorypterida, 98, 602L 
Dorypteridae, 602L 
Dorypteriformes, 602L 
Dorypterus, 98, 99, 602L 
Doswellia , 619R 
Doves, 350 
Downsimus , 635 R 
Dracaena, 617R 
Dracaenosaurus , 617R 
Draco, 220, 228-230 
Dracocephalus, 623 R 
Draconettidae, 61 OR 
Dracopelta , 314, 622L 
Dracosaurus, 6 1 9 L 
Drake Passage, 454 
Dravidosaurus, 622L 
Dremotherium , 64 1R 
Drepanacanthus, 600R 
Drepanaspidae, 595R 
Drepanaspis, 33, 34, 595R 
Drepanephorus, 598R 
Drepanocanthus, 600R 
Drepanodon, 618L 
Drepanomeryx, 641 R 
Drepanosauridae, 616R 
Drepanosaurus, 616R 
Drepanosorex , 63 1 L 
Dripbrissa, 60 1L. 

Drwena, 623 L 
Driverius, 605 L 
Dromaceratberium, 645R 
Dromadidae, 626L 
Dromaeosauridae, 292-294, 
621 L 

Dromaeosaurus , 62 1L 
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Dromaiidae, 624R 
Dromaitts, 624R 
Dromasauria, 373, 374, 623L 
Dromatherium , 624L 
Dromedary, 515 
Dromiceiomimus, 293, 621L 
Dromiceius, 624R 
Dromicia, 629L 
Dromiciella , 629 L 
Dromiciola , 629L 
Dromiciops, 433 
Dromiciopsia, 433 
Dromicosaurus, 62 1R 
Dromocyon, 643L 
Dromomerycidae, 519 
Dromomeryx, 641 R 
Dromornithidae, 624R 
Drydenius, 602L 
Dryinnides , 618L 
Dryolestes, 627R 
Dryolestidae, 428, 627R 
Drvomimus , 636L, 636R 
Dryomorphs, 473, 474 
Dryomys, 636L 
Dryopitbecus , 473, 633L 
Dryocauridae, 622L 
Dryosaurus, 622L 
Dryptosauridae, 6211. 
Dryptosauroides , 62 1L 
Dryptosaurus , 62 1L 
Dsungaripteridae, 620R 
Dsungaripterus , 620R 
Dubiomys, 63 8 L 
Duchesnehippus, 644R 
Ducbesneodus , 644R 
Ductor, 609R 
Dugong, 543-545 
Dugongidae, 544, 646L 
Dugonginae, 544 
Dulcidon, 639R, 643L 
Dumfregia, 6121. 
Dunckerocampus, 608R 
Dunkleosteus , 51, 597R 
Dunnopbis, 61 8R 
Duntroonornis, 627L 
Durotngia , 618L 
Dusicyon, 634R 
Dusignathus , 635L 
Dusisiren, 544, 545, 646L 
Duyunolepidae, 596L 
Duyunolepis , 596L 
Dvinia, 624 L 
Dviniidae, 624L 
Dvinosauridae, 613L 
Dvtnosaurus , 613L 
Dynamictis , 628L 
Dynamopteryx, 625L 
Dynatobatis, 599R 
Dyoplax, 619R 
Dyoplosaurus, 622 L 
Dyptychosteus, 5961. 
Dyromys, 636L 
Dyrosauridae, 282, 620L 
Dyrosaurus, 620L 
Dysalatosaurus , 622L 
Dyscritochoerus, 640L 
Dyseohyus, 640R 
Dyseolemur , 632R 
Dyseomeryx, 641 L 
Dyseotylopus, 64 1L 
Dysnoetodon , 63 1L 
Dysommidae, 604R 
Dyspterna, 630L 
Dyssomminidae, 604R 
Dystichoceras, 643 L 


Dystrophaeus , 621 R 
Dystycboceras, 642R 
Dyticonastis, 61 7R 
Dzungariotherium , 645 L 

Eagle, 350 
Eagle ray, 78 
Eaglesoma , 606L 
Earendil, 639R 
Eastmanosteus , 597R 
Ebenaqua, 602L 
Eboroziphius, 643 R 
Ebrachosaurus , 619R 
Ebrachosuchus, 61 9R 
Echelus, 604R 
Echeneidae, 609R 
Echeneis, 609R 
Echentaia , 603 L 
Echidna, 409, 410, 420, 444, 
627L 

E chidnocephalus, 605L 
Echimyidae, 638R 
Ec.hinerpeton, 623L 
Echinocephalus, 608 L 
Echinocbimaera, 79, 80, 60 1L 
Echinochimaeridae, 60 1 L 
Echinochimaeroidei, 601L 
Echinoderms, 21 
Echinodon, 621 R 
Echinodus, 598R, 600L 
Echinogale, 630R 
Echinorhinidae, 599R 
Echinorhinus, 599R 
Echo location, 464, 522 
Ecbmatemys , 616L 
Ecbymiper , 628R 
Ecinepeltus, 647R 
Eclipes, 607L 
Ecolsonia , 612R 
Ecrinesomus, 602L 
Ectenosaurus, 61 8L 
Ectinaspis , 596L 
Ectocion , 63 9R 
Ectoconodon, 628L 
Ectoconus, 504, 505, 639R 
Ectocuneiform, 410 
Ectocynodon, 615L 
Ectoderm, 21 
Ectoganus, 63 1R 
Ectosteorbacbis , 138, 61 1R 
Ectothermy, 320, 321 
Ectotympamc, 445, 450 
Ectropomys, 639L 
Ectypodus, 627L 
Eczematolepis, 596R 
Edapbaspis, 595R 
Edaphocyon, 634R 
Edaphodon, 601L 
Edaphosauridae, 366, 367, 
622R 

Edaphosaurus, 366, 367, 

622R 

Edentata, 554, 563 
Edentosuchidae, 620R 
Edentosuchns, 620R 
Edestes, 598L 
F.destida, 598L 
Edestidae, 598L 
Edestodus, 598L 
Edestotdea, 69, 70, 598L 
Edestus, 598L 
Edmontoma, 622L 
Edmontosaurus , 622L 
Edopidae, 612R 
Edopoidea, 171, 172, 612R 


Edops, 612R 

Edvardotrouessartia, 646R 
Eels, 116, 117 
Efraasia, 62 1R 
Egernia, 617R 
Egertonia , 604R 
Eggysodon, 645 L 
Eglottaspis, 33, 595R 
Eichstaettisaurus , 617L 
Eichstattosaurus, 617L 
Eidolosaurus , 618L 
Eifelosaurus, 619R 
Eiffellepis, 60 1L 
Eilenosaurus, 616R 
Ekgmowechashala, 632R 
Ektopodon, 6291. 
Ektopodontidae, 437, 629L 
Elachoceras, 63 1R 
Elaphe, 618R 
Elaphrocnemus , 625 R 
Elaphrosaurus , 292, 62 1L 
Elaphrosuchtis, 619R 
FJaphurus, 642L 
Elaphus, 64 1R 
Elapidae, 237, 618R 
Elasmobranchii, 63-78, 598L 
Elasmodectes, 601L 
Elasmodus , 60 1L 
Elasmognathus , 601 L 
Elasmosauridae, 248, 619L 
ELasmosaurus , 619L 
Elasmotberium , 645 R 
Elassotherium, 648 L 
Elaueria , 602L 
Eldenosteus , 597L 
Electric fields, 36 
Electric organs, 116, 120 
Electrical sensitivity, 17 
E lectrolepis, 608 L 
Electrosensory organs, 23, 137 
Elegantaspis, 597L 
Elegestolepis , 67, 600L 
Eleotridae, 61 OR 
Elephant birds, 348, 349 
Elephant shrews, 450, 460, 
486, 487, 586 
Elephant-snout fish, 116 
Elephantidae, 539, 574, 575, 
646 L 

Elephantomys , 630L 
Elephantosaurus, 623 L 
Elepbantulus , 486, 487, 630L 
Elephas , 536, 539, 574, 575, 
646L 

Eleutherocercus, 647R 
Eleutberodactylus, 615L 
Eleutherornis, 625R 
Eleutheromithidae, 625R 
Elfomys, 63 8 L 
Elfridia, 614L 
Elgmia, 615L 
Eliomys, 636L 
Eliopsodon , 639L 
Ellesmereia, 600L 
Ellimma, 605 L 
Ellimmichthyidae, 605L 
Ellimmichthyiformes, 605L 
Ellimmichtys, 605L 
Elliotsmitbia, 623 L 
Ellipos, 605L 
Ellipsodus, 603 L 
Ellobius, 63 7L 
Ellopetalicbthys, 596R 
Elmerimys , 638 R 
Elmisauridae, 621L 


Elmisaurus, 62 1L 
Elmosaurus , 619L 
Elodon , 6401. 

Elomeryx, 640L 
Elonichthyidae, 602L 
Elonichthys, 602L 
Elopidae, 117, 604R 
Elopiformes, 604R 
Elopocephala, 116 
Elopoidei, 604R 
Elopoides, 604R 
Elopomorpha, 116, 117, 604R 
Elopopsis, 604R 
E/ops, 117, 123, 604R 
Elosaurus, 62 1R 
Elotheridae, 640L 
Elotherium, 640 L 
Elpbidotarsius, 632L 

E, lpidophorns, 63 0L 
Elpisopholis , 603L 
Elpistoichthys, 604L 
Elpistostege , 61 1R 
Emarginacbelys , 616L 
Emballonuridae, 63 1R 
Emballonuroidae, 63 1R 
Embasasaurus, 62 1L 
Embassis, 630R 
Embiotocidae, 610L 
Embolomeri, 174, 175, 613R 
Embolophorus, 622R 
Embolotherium, 644R 

F. mbrithopoda, 541—543, 

646L 

Embrithosaurus , 615L 
Emeus , 624R 
E.michoerus , 640L 
Emmacbaere, 609L 
Emmelichthyidae, 609R 
Empedaspis , 595R 
Empetrichtbys , 607R 
Empo , 606R 
Emus, 347—349 
Emydidae, 213, 616L 
Emydochampsa , 623L 
Emydoidea, 616L 
Emydopidae, 623 R 
Emydops, 375, 623R 
Emydopsoides , 623 R 
Emydorhinus , 612R 
Emydura, 615R 
Emyduranus, 623 R 
Emys, 616L 

Enaliarctidae, 483, 616L, 

635L 

Enaliarctos, 635L 
Enaliornis, 624R 
Enaliomithidae, 624R 
Enaliosuchus, 620L 
Enaloruis, 343, 646R 
Enamel: 

development of, 22 
multiserial, 490 
pauciserial, 490 
uniserial, 490 

Enamel-like material, 29, 67 , 
Enantiornis , 344, 624R 
Enantiornithidae, 624R 
Enantiornithiformes, 344, 

624R 

Encephalization quotient, 322 
Encbelion, 604R 
Encbelurus, 605L 
Encbeluvus , 117, 604R 
Encbelyolepis, 603R 
Enchodontidae, 122, 606R 
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Enchodontoidei, 606R 
Enchodus, 606R 
Encuscus, 629L 
Endactis, 603 R 
Endeiolepidae, 596R 
Endeiolepts, 39, 40, 596R 
Endennasauridae, 616R 
Endennasaurus, 616R 
Endocast, 3 
of Archaeopteryx, 341 
of primitive placental 
mammals, 446 
of pterosaurs, 335 
Endochordal bone, 23 
Endoderm, 21 
Endogomphodon , 623L 
Endomychura, 626L 
Endostyle, 19, 31, 40 
Endothermy, 320, 321, 411, 
443’ 

Endothiodon, 623L 
Endothiodontia, 623L 
Endothiodontidae, 623L 
Endromicia, 629L 
Engraulidae, 605 L 
Engraulis, 605L 
Engraulites, 605L 
Engycolobodus, 602R 
Engyonimasaurus , 620 L 
Enhydra, 634L 
Enhydrictis , 634L 
Enhydriodon , 634L 
Enhydritherium, 634L 
Enbydrocyon, 635L 
Enigmatichthys, 603L 
Ennacodon, 627L 
F.nnatosaurus, 369, 622R 
Enneles, 603 R 
Entieoconus , 639R 
Enneodon, 61 1R 
Enniskillen , 600R 
Enniskillenius, 6 1 1 L 
Enoplophthalmus, 606L 
Enoplosidae, 610L 
Enoplosus, 610L 
Enosuchus, 613R 
Enseosteus, 597R 
Entelodon, 640L 
Entelodontida, 640L 
Entelodontidae, 512, 640L 
Entelodontoidea, 640L 
Entelopidae, 648L 
Entelops, 648L 
Entelostylops , 646R 
Enterocoelic, 21 
Entoconid, 426 
Entocuneiform, 410 
Entomacodon, 628L 
Entomodon, 633L 
Entomolestes , 630L 
Entoptychus, 636R 
Entotympanic, 432 
caudal, 451 
rostral, 451 
Enurygnatbus, 606R 
Eoalligator, 620R 
Eoanguilla, 604R 
Eoanilius, 618R 
Eoarchegonaspis, 595R 
Eoarctops, 623 R 
Eoauchenia, 647L 
Eoaulostomus, 608R 
Eobasileus, 63 1R 
Eobothus, 61 1L 
Eobrasilia, 628R 


Eobrycon, 605R 
Eobucco, 625L 
Eobuglossus, 611L 
Eocaptorhinus, 195, 202, 

615L 

Eocarcharodon, 599L 
Eocardia, 638R 
Eocardiidae, 63 8 R 
Eocertosuchus , 620R 
Eoceratops, 622R 
Eocerus, 642R 
Eocetus, 643L 
Eocbelone , 616L 
Eochiromys , 630L 
Eocilophyodus, 609R 
Eocoelopoma, 61 OR 
Eoconodon, 521, 639L 
F.ocrex, 625 R 
Eoctenodus, 612L 
Eoctodon, 638R 
Eocyclops, 623R 
Eocyclotosaurus, 613L 
Eocynanceja, 608R 
Eocypnnus , 606L 
Eodelphis , 628L 
Eodesmatodon, 639R 
Eodiaphyodus, 604R 
Eodicynodon, 374, 623L 
Eodicynodontia, 623L 
Eodicynodontidae, 623 L 
F,odidelphys, 628L 
Eodiploglossus , 617R 
Eodiscoglossus, 614R 
Eoemys , 637L 
Eoentelodon , 640L 
Eoequus, 644R 
Eoeugnathus, 603R 
Eofelis, 63 3 R 
Eogaleus, 599L 
Eogavialis, 620R 
Eogeranoides , 625 R 
Eogliravus, 492, 63 6L 
Eoglyptosaurus, 61 7R 
Eogottus, 61 OR 
Eogruidae, 349, 625R 
Eogrus , 625 R 
Eogyrinidae, 613R 
Eogyrinus, 168, 175, 613R 
Eohaplomys, 491, 635R 
Eobegototherium, 647L 
Eoherpeton , 174, 176, 613R 
Eoherpetontidae, 613R 
Eohiodon, 604L 
Eohippus, 533, 644R 
Eohollocentrwn , 608L 
Eobyrax, 647L 
Eokokemia, 609R 
Eolabroides, 610L, 61 OR 
Eolacerta, 617R 
Eolacertilia, 228, 229, 233, _ 

617L 

f Eolactonia, 611L j 

\ Eolactoria, 1 30 
Eolagurus , 637L 
Eolates , 129, 609L 
Eolestes, 630L 
Eoletes , 645L 
E omacronas, 606L 
Eomanis, 559, 560, 648L 
Eomannodon , 628 L 
Eomanodon, 628R 
Eomanta , 600L 
Eomegatherium, 647R, 6481. 
Eomellivora, 634L 
Eomeryx , 640R 


Eomesodon, 603L 
Eomoropidae, 533, 644R 
Eomoropus, 644R 
Eomorphippus, 646R 
Eomuscardimis, 63 6L 
Eomyctopbum, 606R 
Eomyidae, 492, 63 6 R 
Eomyops, 636R 
Eomyrophis, 604R 
Eomyrus, 604R 
Eomys, 636R 
Eoorodus, 598R, 600L 
Eopelobates, 614R 
Eoperca, 609L 
Eopeyeria, 606L 
Eoplatanista, 644L 
F,oplatax, 609R 
Eoplectus, 130, 61 1L 
Eopneumatosuchus, 281, 

620L 

Eopristis , 599R 
Eoproterotherium , 647L 
Eoraetia, 624 L 
Eorbinophrynus, 614R 
Eosaniwa , 618L 
Eoscombrus, 61 OR 
Eoscorpius, 609L 
Eosemionotus, 603L 
Eoserranus, 609L 
Eosictis, 633L 
Eosimops , 623R 
Eosiren, 646 L 
Eosolea , 61 1L 
Eosphargis, 616L 
Eosqualodon , 643R 
Eostegodon, 646L 
Eostertomys, 63 9L 
Eostictis, 63 3 L 
Eostomias , 606R 
Eostopotamochoerus, 640L 
Eostrix, 625 L 
Eostylocerus, 642L 
Eostylops, 646R 
Eosuchia, 221-223, 283, 336, 
616R 

Eosuchus , 620R 
Eosynanceja, 608R 
Eosyodon , 623 L 
Eotalpa, 462, 630R 
Eothenomys, 63 7L 
Eotberiurn, 646L 
Eotberoides, 544, 646L 
Eotbynnus , 61 OR 
Eothyridae, 367, 368, 622R 
Eothyris , 622 R 
Eothyr sites, 61 OR 
Eotitanops, 530, 532, 644R 
Eotitanosuchia, 623L 
Eotitanosuchidae, 623 L 
Eotitanosuchus, 623L 
Eotitanotberium, 644R 
Eotomistoma, 616R 
Eotorpedo, 599R 
Eotragus , 519, 642R 
E otrigodon, 6 1 1 R 
E.otylopus, 641 L 
Eoxenopoides, 614R 
Eozanclus, 130, 610L, 610R 
Eozapus, 63 6R 
Eozostrodon, 408 
Epanterias, 621 R 
Epaxial lobe of caudal fin, 

90 

Epecuenia, 647L 
Epelichthys, 605L 


Epbelcomenus, 6411. 
Ephippidae, 129, 609R 
Ephippites, 609R 
Epiceratodus, 153, 612L 
Epicyon, 643R 
Epidermal alarm cells, 120 
Epidermal scales, 556, 559, 

560 

Epidolops, 435, 628R 
Epiemys, 61 6L < 

Epigaulus, 636L 
F.pigenetochoerus , 640R 
Eptbippus, 534, 535, 644L 
Epileptobos, 642R 

E. pimachairodus, 633 R 
Epimanteoceras, 644R 
Epimeriones, 637L 
Epimys, 637R 
Epinepbelus, 124, 609L 
Epipatnarchus, 646R 
Epipeltephilus, 647R 

F. pipetalichthys, 596R 
Epiphiomys, 638L 
Epiphyses, 224, 229, 409 
Epipleural intermuscular 

bones, 116, 122 
Epipliopithecus, 632R 
Epipolysemial, 614R 
Epipterygoid, 195, 392 
Epipubic (marsupial) bones, 

419 

Epirusa , 641 R 
Episoriculus , 63 1L 
Epitega, 31 
Epitheria, 629R 
Epitriplopus, 645L 
Epoicotheriidae, 560, 648L 
Epoicotberium, 561, 648L 
Eporeodon , 640R 
Eptesicus, 464, 632L 
Epurals, 105 
Equidae, 533-536, 644L 
Equoidea, 533-536, 644L 
Equula, 609R 
Equulidae, 609R 
Equus, 535, 536, 583, 587, 

644L 

Erdenetesaurus, 617R 
Erectopus, 621L 
Eremias, 617R 
Eremotberium, 647R 
Erethizon, 490, 639L 
Erethizontidae, 495, 639L 
Erethizontoidea, 63 9L 
Eretima, 609L 
Eretmophilidae, 606R 
Eretmosaurus, 619L 
Ereuniidae, 609L 
Ergilemys, 616R 
Ergilia , 645 L 
Ergilornis, 625R 
Ergilornithidae, 349, 625R 
Ericiolacerta, 623R 
Ericiolacertidae, 623R 
Erikodus, 598L 
Erinaceidae, 462, 630L 
Erinaceoidea, 630L 
Erinaceomorpha, 461, 630L 
Flrinaceus, 63 OR 
Eriptychiidae, 595R 
Eriptychius, 23, 28, 29, 595R 
Eriquius, 610L 
Erisceles, 609L 
Erisicbthe, 603 R 
Erismacanthus , 600R 
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Erismatopterus, 607L 
Erlikosaurus, 314, 315, 621R 
Ernanodon , 561, 562, 6481 
Ernanodontidae, 648L 
Emestohaeckelia , 647L 
Ernestokokenia, 639R 
Erpetocephalus, 612R 
Erpetoicbthys, 99 
Erpetosaurus, 612R 
Erpetosuchidae, 619R 
Erpetosuchus , 619R 
Erquelinnesia, 61 6L 
Errivaspis , 595R 
Erriwacanthus, 601L 
Errolichthyidae, 603L 
Errolichtbys, 100, 603L 
Errolosteus, 597L 
F.rrnmenosteus, 52, 597R 
Erytnnochelys , 615R 
Eryopidae, 612R 
Eryopoidea, 171—173, 612R 
Eryops, 164, 168, 169, 172, 
173, 612R 
Eryosucbus, 613L 
Erythrinidae, 605R 
Erythrobatrachus, 613L 
Erytbrochampsa, 620L 
Erythrosuchidae, 271, 61 9L 
Erythrosuchus , 61 9R 
Erythrotherium, 627L 
Erythrozootes, 63 1L 
Escharaspis, 595R 
Eschrichtiidae, 527, 644L 
Eschrictius, 644L 
Escuminaspis, 596L 
Esocidae, 119, 605L 
Esocoidei, 605L 
Esodidae, 605L 
Esoterodon, 623 L 
Esox , 6051. 

Essonodon , 627R 
Essonodontherium , 648 L 
Essoprion, 628R 
Estellomys, 63 8 L 
Estemmenosuchidae, 623 L 
Estemmenosuchns , 371, 623 L 
Estheriopbagus, 615L 
Esthonychidae, 63 1 L 
Estbonyx , 458, 63 1L 
F.tadonomys, 636R 
Ethegotherium, 647L 
Ethmoid element of braincase, 
141 

Etmopterus, 599R 
Etringus, 605 L 
Etrumeus, 605 L 
Euacanthus , 600R 
Euangelistes, 6301 
Euarctos, 6351 
Eubaena, 615R 
Eubelodon, 645R 
Eubiodectes , 6041 
Eucastor, 6361 
Eucelophorus, 638R 
Eucephalaspis, 5961 
F.uceratherium, 642R 
Eucetotherium, 6441 
Euchambersia , 623 R 
Euchlaodus, 5991 
Encholoeops, 647R 
Eucitharus, 6111 
Eucladocerus , 6421 
Euclastes, 6161 
Eucoleophorus , 63 8 R 
Eucompsacanthus, 598R 


Eucosmodon, 627R 
Eucosmodontidae, 627R 
Eucricetodon, 6371 
Eucrotapbus, 640R 
Euctenius , 600R 
Euctenoceros, 64 1R, 6421 
Euctenodopis, 600R 
Eucyclaspis, 595R 
Eucynodontia, 6241 
Eucyrtaspis, 595R 
Eudaemonema, 6301 
Eudimorphodon , 336, 620R 
Eudimorphodontidae, 620R 
F.udinoceras, 63 1R 
Euducimus, 6261 
Eudolops , 628R 
Eudromia, 624R 
Eudyptes, 6271 
Eudyptula , 6271 
Euelephantoidea, 645R 
Eugaleaspidae, 5961 
Eugaleaspis, 5961 
Eugeneodontia, 69, 70, 5981 
Eugeneodontidae, 5981 
Eugeneodus , 67, 5981 
Euglossodus, 6001 
Eugnathidae, 603R 
Eugnathides, 603 R 
Eugnathus, 603 R 
E ugocentrus, 6081 
Eugyrinus , 612R 
Euhapsis, 6361 
Euhelopodidae, 302, 621 R 
Euhelopus, 302, 62 1R 
Eukeraspis, 5961 
Eulambda , 6471 
Eulameops, 6411 
Eulepidotus , 603 R 
Euleptaspis, 5971 
Euleptnrbampbus, 607R 
Eumantellia, 623 R 
Eumatthevia , 622 R 
Eumeces, 617R 
Eumecoides , 6171 
Eumegamys, 489 
Eutneryx, 6421 
Eumetabolodon, 6151 
Eumetopias , 484, 6351 
Eumops, 6321 
Eumyarion, 6371 
Eumylodon, 6481 
Eumylodus , 6011 
Eumys, 6371 
Eumysodon, 6371 
Eumysops, 63 8 R 
Eunectes, 618R 
Ennemacantbus, 5981 
Eunotosaurus, 207, 615R 
Euoplocephalus, 305, 313, 
6221 

Euoplocyon, 6351 
Euowenia, 6291 
Eupachemys, 616R 
Eupalaeoniscus , 6021 
Eupantotheria, 428, 429, 
627R 

Euparkeria, 270—273, 276, 
280, 619R 
Euparkeriidae, 619R 
Eupbanerops, 39, 596R 
Euphaneropsidae, 5961 
Eupbractus, 647R 
Enphyacantbus, 600R 
Eupleurodns, 602R 
Eupleurogmus, 601 R 


Euporosteidae, 6121 
Euporosteus, 6121 
Euposauridae, 6171 
Euposaurus, 6171 
Euproctus, 614R 
FMprotogonia, 639R 
Euprox, 642L 
Euptychaspis, 597R 
Euraspis, 596R 
Eurecana , 6021 
Eurheloderma , 6181 
Eurhinodelphidae, 525, 643R 
Eurhinodelpbis , 643 R 
Eurbinosaurus, 582, 622R 
Enrocbarax , 605R 
Eurolagus , 6391 
Europolemur, 6321 
Europrotaspis, 595R 
Eurotamattdua , 559, 560, 
6481 

Euryacodon, 632R 
Euryapsid, 200 
Euryapsida, 253 
Euryapteryx, 624R 
Euryarthra, 599R 
Euryaspidichthys, 596R 
Euryaspis, 6161 
Eurycepbalochelys, 6161 
Eurycbir, 6041 
Eurychornrhinus , 623R 
Eurycleidus, 6191 
Eurycormus, 603 R 
Eurygenium, 646R 
Eurylaimidae, 352, 625 R 
Enrylambda, 627R 
Eurylepidoides, 601R 
Eurylepis, 6021 
Euryletes, 6451 
Eurymylidae, 487, 635R 
Eurymyloidea, 487, 488, 490, 
635R 

Eurymylus, 487, 635 R 
F.urynotbus, 6021 
Eurynutoides , 6031 
Eurynotus , 6021 
Euryodon , 6451 
Euryodus, 166, 177, 6141 
Euryonotus, 625R 
Eurypharyngidae, 6051 
Eurypholidae, 606R 
Eurypholis, 121, 606 R 
Eurypoma, 6121 
Eurypterygius, 622 R 
Eurypygidae, 625 R 
Eurysaurus, 6191 
Eurysomus, 6021 
Eurysternum, 6161 
Eurystetbus , 6041 
Eurystichthys, 6041 
Eurystomus, 351, 625L 
Euryzygoma, 6291 
Eusarkia, 615R 
Eusarkiidae, 615R 
Eusauropleura , 613R 
Euselachi, 5981 
F.nsigmomys, 638R 
Eukelesaurus , 621R 
Euskelosaurus , 300, 621 R 
Eusmilus, 633 R 
Eusopbus, 6151 
Eusthenodon, 61 1R 
Eusthenopteridae, 61 1R 
Ensthenopteron, 139, 141, 
143-146, 153, 159, 
160, 162, 168, 611R 


FMStreptospondylus, 295, 
6211 

Eusuchia, 283, 620R 
Eusyncerus, 642R 
Eutamias, 6361 
Eutatopsis, 647R 
Eutatus, 647R 
Euteleostei, 118-132, 6051 
Eutemodus, 6281 
Eutetrauranosuchus , 6201 
Euthacanthus , 6011 
Euthecodon, 620R 
Eutheria, 629R 
Euthlastus, 62 7 R 
Euthynnus, 61 OR 
Euthynotoides , 603R 
Euthynotus, 603R 
Eutomodus, 600R 
Eutrachytberus , 6471 
Eutreptornis , 625R 
Eutrichiurides, 61 OR 
Eutrigodon, 646R 
Eutypomyidae, 6361 
Eutypomys , 6361 
Eutypotherium , 6471 
Euzaphleges, 610R 
Evenkia , 6031 

Ever-growing teeth, 451, 457, 
487, 545, 546, 550, 
551, 553, 555, 557 
Evermannellidae, 606 R 
Evesthes , 6111 
Evolution, 2, 4, 5, 505-507, 
569-590 

Evolutionary constraints, 
581-585 

Evolutionarv rates, 129, 457, 
572, 576 
Evomus , 6061 
Evotomys , 6371 
Exaeretodon, 6241 
Exallerix, 630R 
Excretory system, 18, 19 
Exellia , 130, 609R 
Exellidae, 130, 609R 
Exocoetidae, 607R 
Exocoetoidea, 127, 607R 
Exocoetoidei, 128, 607R 
Exocoetoides, 606R 
Exodaenodus , 63 1 1 
Exostinus , 617R 
Exoxoetus, 607R 
Expanded (swollen) neural 
arches, 198, 199, 203 
Expleuracanthus, 598R 
External auditory meatus, 396 
Extinction, 39, 268, 587-590 
at the end of the Mesozoic, 
325-329 

of invertebrates, 325 
of multituberculates, 419 
of pterosaurs, 337 
of vascular plants, 328 
Extra-columella, 233 
Extra-embryonic membranes, 
192, 197 
Eye muscles, 103 
Eyes, degeneration: 
in Agnatha, 32, 39 
in caecilians, 1 82 
in snakes, 235 


Fabrosauridae, 303-305, 
621R 
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Fabrosaurus, 304—305, 306, 
621R 

Fadenia, 65, 69, 598L 
Fahlbuschia, 637L 
Fajumia , 606L 
Falco, 625 L 
Falconidae, 350, 625L 
Falconiformes, 350, 625L 
Falcons, 350 
Falepetrus, 628 L 
False cat shark, 76 
Fasolasucbus, 619R 
Fayella , 612R 
Feathers, 338, 341 
Feeding: 

of earlv amphibians, 161 
filter, 19, 30, 40, 89, 100 
of sauropod dinosaurs, 299 
Felicbtkys, 606L 
Felidae, 480-482, 633R 
Feliformia, 480 
Felis, 633 R 

Feloidea, 480-483, 633R 
Felsinotberium , 646L 
Fenhosuchus, 619R 
Fennec, 481 
Fennecus, 634R 
Ferae, 455 
Fer-de-lance, 237 
Ferecetotberium, 644L 
Ferinestrix, 634L 
Fertilization: 
external, 55, 63, 182 
internal, 53, 63, 182, 198 
Fierasfer, 607R 
Fierasferidae, 607R 
Filefishes, 130 
Filbolornis, 625 L 
Filter feeding, 19, 30, 40, 89, 
100 

Fimbretbil, 63 9R 
Fins spines, 67, 73, 85, 86, 89 
Fin supports: 
basals, 66 
radials, 66 
ceratotrichia, 66 
Fins. See also Caudal fins; 
Anal fins; and Paired 
fins 

of actinopterygians, 90 
of Chondrichthyes, 66 
of placoderms, 47 
of sarcopterygians, 90, 137, 
145, 152 
Fissodus, 60 1L 
Fissuridon, 629L 
Fistularia, 608R 
Fistulariidae, 608R 
Flamingos, 354 
Flat fish, 130 
Fleshy cheeks, 303, 387 
Fleurantia , 152, 153, 612L 
Flightless birds, 347—349 
Flocculus, 393, 403 
Florentiamyidae, 636R 
Florentiamys , 636R 
Florentinoameghmia , 648L 
Floresomys, 63 5 R 
Floridaceras, 645 R 
Floridatragnlus , 64 1L 
Floridemys , 61 6R 
Flounders, 130 
Flugopterus, 603 R 
Flycatchers, 352 
Flying fish, 127 


Flying Gurnard, 127 
Flying lemur, 450 
Foramen ovale, 403 
Foramen pseudoovale, 403 
Foramen pseudorotundum, 
403 

Foramen rotundum, 403 
Foramen triosseum, 333, 342 
Forfex, 607R 
Forficidae, 607R 
Formionidae, 609R 
Forstercooperia, 645 L 
Forsythia, 636 L 
Fossae bridgei, 103 
Fossil record, 2 
biases of, 3, 4 
nature of, 570-575 
Fossilization, 2, 3 
Fouldenia, 601 R 
Fourth trochanter, 288, 294, 
385 
Fovia, 235 
Francosucbus, 619R 
Francotherium , 633 L 
Franimorpha, 493 
Franimys, 63 5 R 
Frankelaspis, 595R 
Fratercula, 626L 
Fregatae, 626R 
Fregatidae, 355, 626R 
Fresnosaurus , 619L 
Frigatebirds, 355 
Fringillidae, 625 R 
Fritschia , 615L 
Frogmouths, 351 
Frogs, 180-182, 184, 185 
Fugusuchus, 619R 
Fulcral scales, 90 
Fulengia, 6 17L 
Fulengidae, 617L 
Fulgurotherium, 622L 
Fulica, 626L 
Fulicaletornis, 626L 
Fulmarus , 626R 
Fundulus, 607R 
Furcula, 340 
Furidae, 603R 
Furo, 603R 

Gabreyaspis, 33, 595 R 
Gadidae, 607L 
Gadiformes, 125, 607L 
Gadoidei, 607L 
Gadopridae, 610L 
Gadus , 607L 
Gaillardia , 630R 
Gaindatherium, 645 R 
Galaxias, 605R 
Galaxiidac, 119, 605R 
Galaxiodei, 605R 
Galbulae, 351 
Galbulidae, 265L 
Galeaspida, 38, 596L 
Galeaspidae, 596L 
Galeaspis, 38, 596L 
Galechirus, 623L 
Galecranium , 624L 
Galecynus, 635L 
Galemys, 630R 
Galeocerdo, 599L 
Galeoids, 75 

Galeomorpha, 75-77, 598R 
Galeopbrys, 624L 
Galeopithecidae, 630L 
Galeops, 623L 


Galeopsidae, 623L, 624L 
Galeorbinus, 599L 
Galeotherium, 633R 
Galepus , 623L 
Galerhyncbus, 623R 
Galerix, 630R 

Galesauridae, 381, 391, 624L 
Galesaurus, 624L 
Galesphyridae, 616R 
Galespbyrus, 225, 616R 
Galesuchus , 623 R 
Galetbylax, 633L 
Gateus, 599L 
Galictis , 643 L 
Galkinia, 604L 
Galliformes, 350, 625L 
Gallitnimus , 621L 
Gallinula, 626L 
Gallinuloides , 625 L 
Gallodactylus, 620R 
Gallogoral, 642R 
Gallolestes, 630L 
Galusbamys, 637L 
Gamba, 628L 
Gambatberium, 628L 
Gambelia , 617L 
Gampsacanthus, 600R 
Ganacrodus, 602L 
Ganatberium, 63 1R 
Gandakasia , 643L 
Gangicobus, 642R 
Ganglia, geniculate, 392 
Gannets, 355 
Ganodus, 601L 
Ganoessus , 605L 
Ganolepis, 602L 
Ganolophus , 63 9R 
Ganolytes , 605L 
Ganopristis, 600L 
Ganopristodus, 612L 
Ganorhynchus, 612L 
Ganosteus, 595R 
Garjainia, 619L 
Gars, 100, 101 
Garudimimus, 621L 
Garzonia , 628 R 
Gasbternia, 628R 
Gaspeaspis, 597L 
Caster acanthus, 609R 
Gasteroclupea, 605L 
Gasteropelecidae, 605R 
Gasterorhamphosus, 608R 
Gasterosteidae, 608R 
Gasterosteiformes, 127, 128, 
608R 

Gasterosteus, 608R 
Gastocnemius (muscle or 

tendon), 225, 274, 386 
Gastornis, 6261. 
Gastornithidae, 626L 
Gastrophryne , 615L 
Gastrosteops , 608R 
Gastrostomus, 117 
Gaudeamus, 63 8L 
Gaudrya, 612R 
Gaudryella, 118, 119, 605R 
Gavia, 356, 627L 
Gavialidae, 283, 620R 
Gavialinum, 620L 
Gavialis , 283, 620R 
Gavialosucbus , 620R 
Gaviidae, 627L 
Gaviiformes, 356, 357, 627L 
Gaviota , 626L 
Gaylordia, 628 L 


Gazella , 642 R 
Gazelloportax , 642R 
Gazolapodus, 604R 
Geckolepis, 617L 
Geikia, 623 L 
Geiselotherium, 633L 
G eiseltaliellus, 6 1 7L 
Geiserolepis, 61 1R 
Geisotvdon, 645R 
Geitonicbthys, 602R 
Gekko, 617L 
Gekkonidae, 231, 617L 
Gekkota, 230, 617L 
Gelasmodon , 640R 
Gelastops , 630R 
Gelocidae, 517-519, 641R 
Gelocus, 64 1R 
Gempylidae, 610R 
Gempylus, 61 OR 
Gemuendenaspidae, 597L 
Gemuendenaspis , 597L 
Gemuendina, 56, 57, 596R 
Gemuendolepis, 60 1R 
Genartina , 604L 
Generochoerus , 640R 
Genetta , 633 R 
Geniculate ganglia, 392 
Geniohyus, 546, 646L 
Genomastodon, 645R 
Gentilicamelus, 64 1L 
Genyodectes, 62 1L 
Geochelone , 213, 616L, 616R 
Geoclemys , 616L 
Geoemyda, 6161. 
Geolabididae, 461, 63 OR 
Geolabis , 630R 
Geoliemys , 616L 
Gcomichthys, 602L 
Geomyidae, 492, 636R 
Geomyoidca, 492, 63 6R 
Geomys, 636R 
Geosaurus, 282, 620L 
Geosternbergia, 62 1L 
Geotrypus, 630R 
Gephyroberyx, 608L 
Gephyrosauridae, 616R 
Gepbyrosaurus, 224, 616R 
Gephyrostegida, 174, 175, 
613R 

Gephyrostegidae, 194, 613R 
Gephyrostegus, 197, 613R 
Gephyrura , 607R 
Gerandogekko , 617L 
Geranodornis, 625 R 
Geranoides, 625 R 
Geranoididae, 349, 625R 
Geranopsis, 625 R 
Geranopterus, 625L 
Geranosaurus , 622L 
Gerazoypbus, 628 L 
Gerbillus, 637L 
Gerboa, 63 7R 
Gerboides, 629L 
Gerdalepis, 597R 
Geringia , 63 7L 
GeringophiSy 618L 
Germanodactylus, 620R 
G ermanomySy 637L 
GermanosauruSy 619L 
Gerontocboerus, 640L 
Gerrbonotus, 61 7R 
Gerrhosauridae, 617R 
Gerrhosaurus, 617R 
Gerridae, 609R 
Gerronaspis, 595R 
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Gerrotborax, 613R 
Gesneropithex, 630L 
Getalodus , 60 1L 
Getuloxerus , 636L 
Geyeriella, 614R 
Giant auk, 347 
Giant panda, 482 
Gibberichthyidae, 608L 
Gidleumys, 63 6 R 
Gidleyina, 639R 
Giffonus, 602R 
Gigantacinidae, 607L 
Gigantamynodon, 645L 
Gigantantbropus, 633L 
Gigantaspis, 595R 
Gigantichthys, 599R 
Gigantobison , 642L 
Gigantobyrax , 646L 
Gigantomys , 629L 
Gigantopbis, 618R 
Gigantopitbecus , 474, 633 L 
Gigantopterus , 602R 
Gigantornis , 626R 
Gigantosaurus, 62 1R 
Gigantoscelis, 62 1 R 
Giganturidae, 121, 606R 
Gild , 606L 
Gila monster, 231 
Gill supports, 44-46. See a/so 
Hyoid apparatus 
Gillicus, 604L 
Gilliodus, 598L 
Gillisoncbus, 639R 
Gilmoreosaurus, 622L 
Gilpicbthys, 596R 
Ginglymodi, 603L 
Ginglymostoma, 598R 
Giraffa , 642L 
Giraffes, 510 
Giraffidae, 519, 642L 
Giraffinae, 519 
Giraffoidea, 5 19 
Giraffokeryx, 642L 
Givellidae, 609R 
Gizzard stones, 299 
Gladiobrancbus, 60 1L 
Glapbyrorhynchus, 620L 
Glareola, 6261. 

Glareolidae, 626L 
Glarichelys , 616L 
Glasbius, 628L 
“Glass snake”, 23 1 
Glaucodon, 628 R 
Glaucolepis, 602L 
Glaucomys , 636L 
Glaucosaurus, 623 L 
Glaucosomidae, 609L 
Glevosaurus , 226, 616R 
Gliding possums, 436, 437 
Glirauus, 636R 
Clires, 629R 
Gliridae, 492, 493, 636L 
Gliroidea, 492, 636L 
Glirudinus , 63 6 R 
G lirulus, 636R 
Cfo, 636R 
Globicephala, 643 R 
Globidens, 232, 253, 618L 
Globulodus, 602L 
Glossocbelys , 616L 
Glossodtts, 603L 
Glossoidaspis , 595R 
Glossotheridium , 648L 
Glossotheriopsis, 648L 
Glossotherium, 648L 


Glutei, 385, 397 
Glymmatacanthus , 600R 
Glyphanodon, 60 1L, 647L 
Glyphanodus , 601L 
Glyphis, 599L 
Glyphisoma, 608L 
Glypbodon, 647L 
Glyptaspis, 597R 
Glyptatelus , 647R 
Glyptocephalus, 606L 
Glyptocoileus , 647R 
Glyptodon, 647R 
Glyptodontidae, 556, 557, 
647R 

Glyptodontoidea, 647R 
Glyptodonts, 555 
Glyptognatbus , 61 1R 
Glyptolaemus, 6 11R 
Glyptolepis, 143-145, 61 1R 
Glyptopedius, 647R 
Glyptophidium, 607R 
Glyptopomus, 61 1R 
G lyptops, 615R 
Glyptopsidae, 212, 615R 
Glyptorhyncbus, 6 1 1L 
Glyptosaurus, 231, 617R 
Glyptosteus, 597R 
Glyptostracon , 647R 
Glyptotberium, 556, 557, 
647R 

Gnathacantbus , 600R 
Gnathoberyx, 608L 
Gnathorbiza , 153, 612L 
Gnathosaurus , 620R 
Gnathostomcs, 16, 42 
Gnathotitan, 644R 
Gnorbinosucbus , 613R 
Gnotornis , 626L 
Goat suckers, 351 
Gobiates, 614R 
Gobiatheriidae, 63 1R 
Gobiatherium, 63 1 R 
Gobibaatar , 627L, 627R 
Gobicerus, 642R 
Gobiconodon , 416, 627L 
Gobicyon, 634R 
Gobiderma , 618L 
Gobiesocidae, 607L 
Gobiesociformes, 125, 126, 
607L 

Gohihippus, 644R 
Gobiidae, 61 OR 
Gobio , 606L 
Gobiohyus , 640L 
Gobioidei, 61 OR 
Gobioididae, 610R 
Gobiolagus , 63 9L 
Gobiomeryx, 64 1 R 
G obiopsis, 61 OR 
Gobiosuchidae, 620R 
Gobtosuchus, 620R 
Gobipterygidae, 624R 
Gobipterygiformes, 624R 
Gobipteryx , 344, 624R 
Gobius, 61 OR 
Goblin shark, 76 
Gogonusus , 6 11R 
Goinophis, 61 8R 
Golden mole, 460 
Goldfish, 119 
Goliatbia, 626R 
Gomphodontosuchus , 6241. 
Gomphodonts, 387 
Gontpbodus, 601R 
Gompbognatbus , 624L 


Goniphonchus, 60 1R 
Gompbos, 635R 
Gomphotheriidae, 538, 645R 
Gomphotheriinae, 539 
Gompbotberium, 539, 645R 
Gompsolepis, 596L 
Gonatodus, 602L 
Gondwanaland, 453 
Gondwanosaurus , 613L 
Gongbusaurus , 62 1R 
Gcmgylomorpbus, 617R 
Goniacodon , 639L 
Goniodelpbis, 643R 
Goniodontomys, 637L 
Goniodus , 599R, 600R 
Gonioghptus, 6 I3L 
Goniognathus, 608R 
Goniolcpis , 608 L 
Goniopholidac, 283, 620L 
Goniopholis, 620L 
Goniorhynchidae, 188, 614L 
Goniorbyncbus , 188, 614L 
Goniosteus, 596R 
Goniporus, 596L 
Gonorhynchidae, 605R 
Gonorhynchiformcs, 1 19, 
605R 

Gonorhynchoidei, 605R 
Gonorbynchops, 605R, 606R 
Gonostoma, 606R 
Gonostomidae, 606 R 
Gonotelma, 640R 
Goodeidae, 607R 
Goodradigbeeon, 597L 
Goodradigbeeonidae, 597L 
Goodricbthys, 598L 
Goose, 347 
Gopherus, 616L 
Gordonia, 6231. 

Gorgodon, 623L 
Gorgonicbtbys , 597R 
Gorgonognathus, 623R 
Gorganops, 623 R 
Gorgonopsia, 376, 377, 623R 
Gorgonopsidae, 376, 377, 

623 R 

Gorgopithecus, 632R 
Gorgosaurus , 62 1L 
Gorilla , 474 
Gosfordia, 6121. 

Goslinopbis , 604R 
Goudkoffia , 605R 
Goupilictis, 635L 
Goyocepbale, 3 1 1, 622L 
Gracilisuchidae, 619R 
Gracilisucbus, 279, 619R 
Graculavidae, 354, 6261. 
Graculavus , 626L 
Graecoryx, 643 L 
Grallavis , 626R 
Grammicolepidae, 6081. 
Grammomys , 637R 
Grangeria, 644R 
Grangerimus, 63 6R 
Graomys, 6371. 

Grapbtmys , 63 8 L 
Graphiurichthys, 612L 
Graphiurops , 636R 
Graphiurus, 492, 612L 
Graptolites, 18 
Grauttbolus , 622L 
Gray shark, 76 
Gray whale, 527 
Grayetnys, 616L 
Grazosteus, 597R 


Great auk, 354 
Great white shark, 76 
Greater trochanter, 385, 410 
Grebe, 353, 356 
Greererpeton, 158, 160, 169, 
170, 612R 

Gregoryinidae, 609L 
Gregorymys, 63 6 R 
Grendelius , 622R 
Gresstyosaurus , 62 1R 
Gripbodon , 647L 
Gripbognathus, 149, 153, 
612L 

Gripbolagomys , 639R 
Gripbomys, 636R 
Gripbopithecus, 633L 
Gripbosaurus, 624R 
Grippia, 252, 253, 255, 622R 
Grippiella, 614R 
Griquatherium, 642L 
Grivasmilus, 5341. 

G roeberia, 434, 628L 
Groeberiidae, 628 R 
Groeberoidea, 434 
Groenlandaspis, 597L 
Grossaspis, 597R 
Grossilepsis , 597R 
Grossipterus , 612L 
Grossius, 146, 61 1R 
Grossosteus, 597R 
Ground sloths, 563 
Grouse, 350 

Growth, 27-29, 31-35, 38, 
56, 136, 325 
Grues, 625R 
Gruidae, 353, 625R 
Gruiformes, 349, 352, 353, 
625 R 

Grumantaspis, 595 R 
Grunions, 127 
Grits, 625 R 
Grymaeomys, 628 L 
Gryphoca , 634R 
Grypbodobatis , 600L 
Grypborms, 624R 
Grypodon, 603L 
Grypolitbax, 62 1R, 643R 
Gryponyx , 62 1R 
Gryposucbus, 620R 
Grypotherium , 648L 
Gryzaja, 626 L 
Gualosucbus, 273, 6I9R 
Guanajuatomys , 639L 
Guaymayenia , 603L 
Guerichosteus, 595R 
Guggenheimia, 628 L 
Guilestes, 643L 
Guilielmofloweria , 647L 
Guilielmoscottia , 646R 
Guimarota, 627R 
Gubnarotodon, 627L 
Guineafowl, 350 
Guixia, 645L 
Gulls, 354 
Gulo , 634L 
Gumardee , 62.9L 
Gunaspis, 595R 
Guoyquichthys, 6091. 
Guppies, 127 
Gwyneddicbtbys, 602L 
Gymnarchidae, 604L, 614L 
Gymnarthridae, 614L 
Gynmobelideus, 629 L 
Gymnodus , 6 1 1 R 
Gymnoniscus, 60 1R 
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Gymnophiona, 180-182, 185, 
186, 614L 

Gvmnophionans (caecilians), 
186 

Gymnoptychus , 636R 
Gymnosarda, 61 OR 
Gymnosaurichtbys, 602R 
Gymnotid eels, 1 19 
Gymnotrachelus, 597R 
Gymnura, 600L 
Gymnurechinus, 630R 
Gymnuridae, 600L 
Gynonchus, 603L 
Gyposaurus, 62 1R 
Gypsonictopidae, 630L 
G ypsonictops, 449, 454, 630L 
Gy psorhchus, 638L 
Gypsornis , 625 R 
Gyracanthidae, 601L 
Gyracanthus, 89, 601 L 
Gyriabrus, 63 8 R 
Gyrignophus, 638R 
Gyrinocheillidae, 606L 
Gyrinophilus, 614R 
Gyroconchus, 603 L 
Gyrodus, 603L 
Gyrolepidoides, 602L 
Gyrolepis , 602L, 61 1R 
Gyronchus , 603 L 
Gyroplacosteus, 597L 
Gyropleurodus, 598R 
Gyroptychius, 165, 61 1R 
Gyrosteus, 603 L 

Habenular ganglion, 36 
Habroichthys, 602R 
Habroichtyidae, 602R 
Habromeryx , 642L 
Habrosaurus, 6I4R 
Hacquetia , 605L 
Haddock, 123, 125 
Hadrianus, 616R 
Hadrictis, 634L 
Hadrocyon, 63 5 L 
Hadrodelphis, 643 R 
Hadrokkosaurus , 613L 
Hadroleptauchenia, 640R 
Hadronector, 612L 
Hadronectoridae, 612L 
Hadronomas, 629L 
Hadropithecus, 632R 
Hadrorhynchus, 628L 
Hadrosauridae, 308, 309, 
622L 

Hadrosaurus, 622L 
liadrosteus, 597R 
Haemal arch, 143 
Haematopodidae, 626L 
Haematopus, 626 L 
Haematosaurus, 620L 
Hagfishes, 27, 39, 41 
Hainosaurus, 618L 
Hair, 411, 412 
Hajulia, 604R 
Hakelia, 607L 
Halazaisuchus , 61 9R 
Halcyoncs, 625L 
Halcyornis, 625L 
Halcyornithidae, 625L 
Haldanodon, 416, 627L 
Halec, 606 R 
Halecidae, 606R 
Halecodon, 606R 
Halecoidei, 606R 
Halecomorphi, 108, 109 


Halecopsis, 605L 
Halecula, 605L 
Halfbeaks, 127 
Halibut, 130 
Halicoridae, 646L 
Halictops, 635R 
Halisaurus, 618L 
Halitheriinae, 544 
Halitherium , 646L 
Hallautheriutn , 627L 
Hallopidae, 620L 
Hallopoda, 620L 
Hallopus , 620L 
Halmadromus, 628R 
Halmarbiphus, 628R 
Halmarhippus, 628R 
Halmaselus , 628R 
Halmaturus, 629L 
Halosauridae, 117, 605 L 
Halosaurus, 605L 
Halticosaurus, 62 1L 
Halysiren , 646L 
Hamatus , 598L 
Hammerhead, 354 
Hammerhead sharks, 76 
Hamodus , 61 1R 
Hamsters, 492 
Hangaiemys, 616R 
Hannoveria , 599L 
Hanyangaspidae, 596L 
Hanyangaspis , 596L 
Hapalodectes, 522, 643L 
Hapaloides, 648L 
Hapalops, 648 L 
Haplacanthus , 60 1R 
Haplaletes, 639R 
Haplobtmodon , 640R 
Haplobunodontidae, 640R 
Haploccmthosaurus , 621 R 
Haplocetus, 644L 
Haplochilus , 607R 
Haploconus, 63 9R 
Haplocyon, 635L 
Haplocyonoides , 635L 
Haplocyonopsis, 635L 
Haplodoci, 607L 
Haplodontosaurus, 618L 
Haplohippus, 644R 
Haplolambda, 63 1L 
Haplolepidae, 602L 
Haplolepiformes, 602L 
Haplolepis , 602L 
Haplomastodon , 645R, 646L 
Haplomeryx , 641 L 
Haplomylomys, 637R 
Haplotnyius , 572, 639R 
Haplomys, 635R 
Haplorhini, 464 
Hapsidopareion, 187, 614L. 
Hapsidopareiontidae, 614L 
Haptodus , 200, 364, 369, 
622 R 

Haptosphenns, 617R 
Haqueina, 640L 
Haramiya, 414, 627R 
Haramiyidae, 417, 418, 420, 
627R 

Haramiyoidea, 627R 
Hardella, 6 1 6L 
Hardistiella, 41, 596R 
Hares, 488 
Hariosteus, 595R 
Hariotta, 79 
Harpacodus, 601L 
Harpactes, 603R 


Harpactira , 603 R 
Harpagiferidae, 61 OL 
Harpagofututor, 600R 
Harpagolestes, 520, 521, 

643L 

Harpagophagus, 635L 
Harpagosaurus, 61 8L 
Harpaleocyon , 635L 
Harpyodidae, 63 1R 
Harpyodus, 63 1R 
Harrisonsaurus, 617L 
Harrytoombsia , 597L 
Hasstacosuchus , 620R 
Hatchetfishes, 121 
Hathliacymus , 628L 
Haugbtoniana, 623R 
Haversian canals, 321 
Hawks, 350 
Hayemys , 61 5R 
Hayina, 605L 
Hayoceros, 642L 
Hearing: 
in advanced 

labyrinthodonts, 170, 
171 

in cetaceans, 522, 523 
in crocodiles, 278 
in modern amphibians, 181, 
184 

in ostariophysian fish, 120 
in primitive amniotes, 194 
in primitive mammals, 403, 
406, 412 

in primitive tetrapods, 164, 
165 

in therapsids, 393-395 
Hebucides, 63 5L 
Hecatogomphius, 61 5L 
Hedgehogs, 460—462 
Hedronchus , 614R 
Hedymys, 63 8 R 
Hegetotherium , 647L 
Hegetotheroidea, 550, 647L 
Heightingtonaspis , 596R 
Heintzaspis, 596R 
Heintzichthys, 51, 597R 
Heintzosteus, 597L 
Heishanemys, 615R 
Heishansaurus , 622L 
Helagras, 618R 
Helaletes , 530, 531, 645L 
Helaletidae, 530, 531, 645L 
Helarctos, 63 5L 
Helenacanthus, 601 R 
Helenolepis, 596L 
Heleopbilus, 615R 
Heleosaurus, 271, 620L 
Heleosuchus, 61 6R 
Heharchon , 614R 
Helicampodus, 598L 
Helichthys, 602R 
Helicophora, 642R 
Helicoportax, 642R 
Helicoprion , 69, 598L 
Helicoprionida, 598L 
Helicoprionidae, 598L 
Ilelicotragus , 642R 
Heliobatis, 600L 
Helioceras , 642R 
Heliodus, 612L 
Heliornithidae, 625R 
Heliscomys, 63 6R 
Helladotherium , 642L 
Helmititholepis , 604R 
Helmolepis, 602R, 603R 


Helochelys, 616R 
Heloderma, 231, 618L 
Helodermatidae, 231, 618L 
Helodermoides, 232, 61 7R 
Helodontidae, 80, 600R 
Helodontoidei, 600R 
Helodopsis, 600R 
Heludus, 79, 80, 600R 
Helogale , 633R 
Helogeneidae, 606L 
Helohyidae, 510, 511, 512, 
640L 

Helohyinae, 510 
Helohyus, 640L 
Helolepis , 601 L 
Heloptts , 62 1 R 
Helostomidae, 611L 
Helveticosauridae, 622R 
Helveticosaurus, 250, 251, 
622R 

Helvetiodon, 627L 
Hemanthropus, 633 L 
Hemiacodon , 632R 
Hemiauchenia , 64 1L 
Hemibelideus, 629L 
Hemibos, 642R 
Hemicalypterus , 603 L 
Hemichelys , 615R 
Hemichoerus , 640 L 
Hemichordates, 19 
Hemicladodus , 602L 
Hemictenodus, 612L 
Hemiculturella, 606L 
Hemicyclaspis , 32, 596L 
Henticyclolepis, 608 L 
Hemicyon, 635L 
Hemidactylus, 617L 
Hemidontidae, 605R 
Hemiexocoetus, 607R 
Hemigonolepis , 608L 
Hemibegetotherium, 647L 
Hemihippariott, 644R 
Hemilampronites, 607R 
Hemilophodon, 645R 
Hemilopus, 602R 
Hemimeryx , 640R 
Hemionus , 644L 
Hemioxotodon, 646R 
Hemipenes, 5, 235 
Hemipristis, 599L 
Hemiprotosuchus, 281, 620L 
Hemipsalodon , 633L 
Hemiramphidae, 127, 607R 
Hemiramphus, 607R 
Hemirhabdorhynchus, 61 1L 
Hemirhynchus , 603 R, 61 1L 
Hemisaurida, 606R 
Hemiscyllidae, 598R 
Hemistrepsiceros, 642R 
Hemistylops , 646R 
Hemisynthacbelus, 643R 
Hemiteleaspis, 596L 
Hemithlaeus, 639R 
Hemithyrsites , 61 OR 
Hemitragus, 642R 
Hemitrichas, 606L 
Hemitrypus, 614R 
Hemiurus, 628R 
Hendryomeryx, 64 1R 
Henkelodon , 627L 
Hennigian systematics, 5—13 
Henodontidae, 622 R 
Henodus, 250, 622R 
Henophidia, 236, 237, 618L 
Hetiricofilholia, 646 R 
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Henricosbornia, 550, 646R 
Henricosborniidae, 646R 
Heolocbelydra, 615R 
Heomys, 487, 488, 490, 491, 
635R 

Heotbema, 640R 
Hepoona , 629L 
Hepsetidae, 605R 
Heptacodon, 640R 
Heptadiodon, 61 1R 
Heptanema, 612L 
Heptasteornis, 62 1L 
Heptasuchus, 619R 
Heptodon , 530, 531, 645L 
Heptranchias, 599R 
Herasmius, 597L 
Herbstosaurus , 620R 
Hercynolepis, 598L 
Herons, 353 
Herpestes, 633R 
Herpestides , 633R 
Herpetairus, 627R 
Herpetocetus, 644L 
Herpetotheriwn , 628 L 
Herrerasauridae, 62 1 L 
Herrerasaurus , 289, 290, 295, 
298, 621L 
Herring, 1 18 
Hescbelerta, 616R 
Hesperhyus , 640R 
Hesperidoceras , 642R 
Hesperocamelus, 64 1L 
Hesperocetus, 643 R 
Hesperocyoti, 481, 482, 634R 
Hesperogavialis, 620R 
Hesperohippus, 644L 
Hesperolagomys , 639L 
Hesperoloxodon, 646L 
Hesperomeryx, 641 R 
Hesperoptenus, 632L 
Hesperornis, 343, 344, 624R 
Hesperornithidae, 624R 
Hesperornithiformes, 343, 
344, 624R 

Hesperoscalops, 630R 
Hesperosiren, 646L 
Hesperosorex, 63 1L 
Hesperosucbus, 280, 620L 
Hesperotestudo, 616R 
Hessolestes , 633L 
Heteraletes , 645 L 
Heterenchelyidae, 604R 
Heterenchelys, 604R 
Heterictis, 634L 
Heterobagrus, 606L 
Heterobranchus, 606L 
Heterobrous, 639L 
Heterocenas, 64 1R, 642L 
Heterocepbalus, 638L 
Heterocetus, 644L 
Heterocbiromys , 630L 
Heteroclitotriton, 614L 
Heterocnon, 647R 
Heterocricetodon, 637L 
Heterodelphis, 643R 
Heterodon, 618R 
Heterodontidae, 598R 
Heterodontoidea, 76, 598R 
Heterodontosauridae, 305, 
306, 598R, 622L 
Heterodontosaurus, 289, 305, 
306, 622L 

Heterodontosuchus, 61 9R 
Heterodontus , 68, 598R 
Heterofelis, 633R 


Heterogaspis, 597L 
Heterogeomys, 636R 
Heternglypbis , 647L 
Heterohyus, 630L 
Heterolepidotus , 108, 603R 
Heterolepis, 608L 
Heteromeryx, 64 1 R 
Heteromi, 605 L 
Heteromyidae, 492, 636R 
Heteromyoxus, 636R 
Heteropneustidae, 606L 
Heteroprox, 642L 
Heterorhea, 349, 624R 
Heterosmintbus, 636R 
Heterosomata, 61 1L 
Heterosorex, 61 1L 
Heterosteidae, 597L 
Heterosteoidea, 597L 
Heterosteus , 597L 
Heterosticbus, 603L 
Heterostius, 597L 
Heterostraci, 28—34, 595R 
Heterostrophus, 603L 
Heterosuchus, 620R 
Heterothrissa, 607L 
Heterothrissops , 603 R 
Heterotitanops, 644R 
Heteroxrus, 63 6L 
Heuneus , 623 R 
Hewittia, 623 R 
Hexacodus, 507, 639R 
Hexagrammidae, 608 R 
Hexagrammoidci, 608R 
Hexameryx, 642L 
Hexanchias, 77 
Hexanchidae, 599R 
Hexanchoidea, 77, 599R 
Hexancbus, 599R 
Hexaprotodon, 511, 512, 
640R 

Hexapsephus, 606L 
Hexobelomeryx , 642L 
Hibernaspis, 595R 
Hibrosotherium, 64 1L 
Hierosaurus, 622L 
Hillsaspis, 597R 
Himalayosaurus, 622R 
Himantolophidae, 607L 
Hiodon, 1 16 
Hiodontidae, 604L 
Hipparion, 535, 644R 
Hippidion, 535, 644R 
Hippidium, 644R 
Hippocamelus, 642L 
Hippodort, 644R 
Hippoglossoides, 61 1L 
Hippobyus, 640L 
Hippoleakius, 640R 
Hippomorpha, 644L 
Hippopotamidae, 511, 512, 
640R 

Hippopotamoidea, 511, 512, 
640 R 

Hippopotamus, 510, 511, 
512, 640R 

Hipposauridae, 623R 
Hipposaurus, 623R 
Hipposideridae, 63 1R 
Hipposideros, 464, 63 1R 
Hipposyngnatbus, 608R 
Hipposyus, 632L 
Hippotherium, 644R 
Hippotigris , 644L 
Hippotragus, 642R 
Hirella, 596L 


Hispanocervus, 642L 
Hispanochampsa, 620R 
Hispanotherium, 645R 
Histiocepbalus, 607L 
Histionotopborus, 607L 
Histionotus, 603 R, 632L 
Histiopborus, 6 1 1 L 
Histiopteridae, 610L 
Histiothrissa, 605 L 
Histiotus, 632L 
Histurius , 605L 
Hitonkala, 636R 
Hiwegicyon, 630L 
Hoanghomus, 632R 
Hoatzin, 350 
Hoazinoides, 624R 
Hoelaspis, 596L 
Hofmeyria, 623R 
Hofmeyriidae, 623 R 
Hokouchelys, 616L 
Holacanthus , 609R 
Holaspis, 595R 
Holbrookia, 617L 
Holcodon, 606R 
Holdettius, 597R 
Hollardosteus, 597R 
Holmesella, 598R, 601R 
Holmesina, 647R 
Holocentridae, 127, 608L 
Holocentrites, 608L 
Holocentroides, 608L 
Hoiocentrus, 129, 608L 
Holocephali, 54, 55, 63, 78, 
600R 

Holochilius, 63 7L 
Hoioclemensia, 430, 627R 
Holodipterus, 612L 
Holodus , 612L 
Holonema, 597L 
Holonematidae, 597L 
Holopetalichtbys , 56, 596R 
Holopbagoides, 612L 
Holophagus, 612L 
Holophyly, 11, 12 
Holopsisucbus, 620R 
Holoptychidae, 61 1R 
Holoptycbius, 140, 146, 61 1R 
Holoptychoidca, 61 1R 
Holoptyclms, 141, 61 1R 
Holopygus, 612L 
Holosaurus, 618L 
Holospondylous vertebrae, 
176, 177 

Holostei, 90, 101, 107 
Holosteus, 606R 
Holotbylax, 628L 
Holuriidae, 98, 60 1R 
Holuropsis, 60 1R 
Holurus, 601 R 
Homacanthus, 598L, 600L, 
600R, 601R 
Homacodon, 510, 639R 
Homacodontinae, 510, 513 
Homalacanthus, 60 1R 
Homalaspidella , 595R 
Homalaspis, 595R 
Homalocephale, 305, 311, 
312, 622L 

Homalocephalidae, 622L 
Homalodotheriidae, 646R 
Homalodotherium, 551, 552, 
646R 

Homalodus, 600R 
Homalopteridae, 606L 
Homalostylops, 646R 


Homaspis, 595R 
Homeocoryphaenoides , 607R 
Homeomacrurus , 607R 
Homeonezumia, 607R 
Homeosaurus, 6 1 6R 
Hominidae, 474-476, 633L 
Hominoidea, 472-476, 632R 
Homiothermy, 321 
Homo, 633L 
Homo erectus, 475, 572 
Homo habilis, 475, 476, 572, 
588 

Homo sapiens, 475, 476, 572 
Homo sapiens 

neandertbalaensis, 476 
Homocamelus, 64 1 E 
Homocodontinae, 517-519 
Homodontosaurus, 624L 
Homoeolepis, 603 L 
Homogalax, 530, 645L 
Homology, 6, 7 
Homonoticbthys, 608 L 
Homonotus, 608L 
Homoplasy, 7 
Homorhynchus, 61 1L 
Homosteidae, 597L 
Homosteoidea, 597L 
Homosteus, 597L 
Homostius, 597L 
Homotberium, 633R 
Homothorax, 597R 
Homunclus, 632R 
Homunculites, 628R 
Honanodon, 643L 
Honanotherium, 642L 
Hondadelpbys, 628L 
Honey possum, 439 
Hooked fifth metatarsal, 225, 
226, 265, 336 
Hoopoes, 35 1 
Hoplichthyidae, 609L 
Hoplitosaurus, 314, 619R, 
622L 

Hoplocetus , 644L 
Hoplocbelys, 61 5R 
Hoplodus, 60 1L 
Hoplopboneus, 633L 
Hoplophoridae, 647R 
Hoplophorus, 647R 
Hoplopteryx, 128, 608 L 
Hoplopygus , 61 1L 
Hoplostetbus , 608L 
Hoplosucbus, 620L 
Horaichthyidae, 607R 
Hornbills, 351 
Horns, 519 
Horny beak: 

of dicynodonts, 374 
of ornithischians, 303 
of segnosaurs, 314 
of trilophosaurids, 266 
of turtles, 209 
Horotely, 575 
Hound shark, 76 
Houyanotberium, 63 1R 
Hovasaurus, 222, 223, 616R 
Howesia, 266, 267, 619R 
Hsisosuchidae, 620L 
Hsisosucbus, 620L 
Hsiuannania, 488, 489, 635R, 
639L 

Huaiyangale, 489, 635R 
Huananaspis, 596L 
Huananodon, 645L 
Huananothema , 640L 
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Huangotherium, 645 R 
Huanhepterus , 620R 
Huayangosaurus , 313, 622L 
Huberuphis , 6I8L 
Huerfanodon , 63 1R 
Huerzeleris, 632L 
Huginaspis, 597L 
Hukoutberiutn , 643L 
Hulettia , 604L 
Hulgana, 635 R 
llulscmpes, 62 1L 
Humbertia , 118, 119, 605R 
Humilicbtbys, 6071. 
Hummingbirds, 351 
Hunanaspidae, 596L 
Hunanictis, 648L 
Hungkiicbthys, 603 R 
Hupehsuchidae, 622R 
Hupehsuchus, 254, 622R 
Huso , 100, 603L 
Hussakofia, 597R 
Hyaena, 633R 
Hyaenaelurus, 633L 
Hyaenalopex, 633R 
Hyaenarctos, 635L 
Hyaenictis , 633 R 
Hyaenidae, 480, 482, 633R 
Hyaenodictis, 643 L 
Hyaenodon, 479, 633 L 
Hyaenodontia, 63 3 L 
Hyaenodontidae, 478, 479, 
633L 

Hyaenodontipus , 633L 
Hyaenodontops, 628 L 
Hyaenognatbus, 634R 
Hyainailourus, 633 L 
Hybocladodus, 598R, 600L 
Hybodoncbus, 598R 
Hybodontidae, 598L 
Hybodontoidea, 598L 
Hybodontoids, 72-74 
Hybodopsis, 598L 
Hybodus, 72, 73, 598R 
Hybognatbus, 606L 
Hybopbthalmicbthys , 606L 
Ilybopis , 606 L 
Hybosteus, 597R 
Hydaspicobus, 642R 
Hydaspitherium, 642L 
Hydralmosaurus, 619L 
Hydrargos, 643 L 
Hydrictis , 634L 
Hydrobatidac, 356, 626R 
Hydrochoeridae, 638R 
Hydrocboerus, 638R 
Hydrocyon, 634L 
Hydrodamalinae, 544 
Hydromalis, 543, 544, 646L 
Hydromedusa, 615R 
Hydromys, 637R 
Hydropelta, 616L 
Hydropessum, 602R 
Hydropheidac, 61 8R 
Hydrophidae, 237 
Hydropotes, 6421. 
Hydrosalamandra, 614L 
Hydrosaurus, 618L 
Hydrotberosaurus, 248, 619L 
Hyenia, 61 1R 
Hyenosaurus, 623R 
Hygophum, 607L 
Hyla, 615L 

Hyiaeobatracbus, 614R 
Hylaeocbampsa, 620R 
Hylaeochampsidae, 283, 620R 


Hylaeocbelys, 6161. 
Hylaeosaurus, 6221. 
Hylerpeton, 614L 
Hylidae, 185, 615L 
Hyllingea, 602L 
Hylobates, 633L 
Hylobatidae, 633L 
Hylocboerus, 640L 
Hylomeryx , 639R 
Hylonomus , 193, 194, 197, 
361, 615L 
Hylopithecus, 633 L 
Hyloplesion, 614L 
Hyloplesiontidae, 614L 
Hymenocephalus, 607R 
Hynobiidae, 186 
Hynobius, 184 
Hyoboops, 640R 
Hyodectes, 639L 
Hyoid apparatus: 

of actinopterygians, 94 
of Chondrichthyes, 66, 78 
of modern amphibians, 182 
of rhipidistians, 143 
Hyomandibular, 46, 49, 57, 
66, 74, 88, 94, 102, 
142, 150 

Hyopsodontidae, 504, 505, 
547, 549, 639R 
Hyopsodus, 504, 505, 572 
Hyosus, 640L 
Hyotheridium, 627R 
Hyotherium , 640L 
Hyotitan, 644R 
Hypacanthus , 609R 
Hypacodon, 63 OR 
Hypantrum, 300 
Hvpaxial lobe of caudal fin, 

90 

Hypercorypbodon, 63 1R 
Hyperdactyly, 233 
Hyperdichobune, 639R 
Hyperdidelphys, 628L 
Hyperhippus, 644R 
Hyperleptus, 647R 
Hyperlopbus, 605L 
Hyperodapedon, 267, 619R 
Hyperoxotodun , 646 R 
Hyperphalangy, 233, 244, 254 
Hypertragulidae, 517-519, 
641R 

Hypertragulus, 517-519, 

641R 

Hypictops, 630R 
Hypisodus, 641 R 
Hypocone, 451 
Hvpoconid, 426 
Hypoconulid, 426 
Hypugeophis, 177, 183 
Hypobipptts, 644R 
Hypolagus, 639L 
Hypolopbites, 600L 
Hypomere, 21 
Hyponomys, 636R 
Hypopnous, 615L 
Hypoprion, 599L 
Hypopthalmidae, 6061 
Hyporhina, 617R 
Hyporhinidae, 234, 617R 
Hyposaurus, 283, 620L 
Hyposphene, 300 
Hypospottdylus, 598R 
Hypostria, 488 
Hypotamus, 640R 
Hvpotodus, 5991. 


Hypsamynodon, 645L 
Hypselepbas, 646L 
Hypselochoerus, 640R 
Hypselorhacbis, 619R 
Hypselosaurus, 62 1R 
Hypsilolambda, 63 1L 
Hypsilophodon, 305-307, 
622L 

Hvpsilophodontidae, 306, 
307, 622L 
Hypsimylus, 635 R 
Hypsiops, 640R 
Hypsiprymnodon, 629L 
Hypsiprymnus, 629L 
Hypsiropbus, 622L 
Hypsocormus, 603R 
Hypsodontus , 642R 
Hypsodonry, 45 1 
Hypsodus, 639R 
Hypsognatbus, 615L 
Hypsostetromys , 63 9L 
Hypterus, 602R 
Hypurals, 105 
Hyrachyiidae, 645L 
Hyracbyus, 530, 531, 645 L 
llyracodon, 530, 531, 645L 
Hyracodontherium , 64 1L 
Hvracodontidae, 531, 532, 
645 L 

Hyracoidea, 450, 545, 546, 
646L 

Hyracolestes , 631 1. 

Hyracops, 63 9 R 
Hyracotherium, 507, 

527-530, 533-535, 
644R 

Hystricidae, 493, 638L 
Hvstricognathi, 492-495, 
638L 

Hystricognathous, 490 
Hvstricomorpha, 492-495, 
638L 

Hystricomorphous, 490 
Hystricops, 636L 
Hystrix, 638L 

lanassa, 60 1L 
lantbosaurus, 367, 622R 
Iberomeryx, 64 1R 
Iberosuchus, 620R 
Iberovaranus, 618L 
Ibex, 642R 
lbidopsis, 626L 
Ibises, 354 
Icanodus, 600R 
Icaronycteridae, 63 1R 
Icaronycteris, 463, 464, 63 1R 
Icaronvcteroidea, 63 1R 
Icarosaurus, 6131., 617L 
Icefishes, 1 19 
Icelidae, 609L 
Ichthyaetus, 600L 
Ichthyoboridae, 605 R 
Ichthyoceros, 603R 
Icbtbyodectes, 604L, 643L 
Ichthyodectidae, 604L 
lchthyodectiformes, 114, 115, 
604L 

Ichthvodorulites (spines), 

600L 

Icbtbyokentema , 6041. 
Ichthyokentemidae, 604L 
Icbtbyolestes, 643 L 
Ichthyophiidae, 614L 
Ichthyopterygia, 200, 622R 


Ichthyorhynchus, 602R 
Ichthyornis, 343, 344, 624R 
Ichthyornithidae, 624R 
Ichthvornithiformcs, 343, 344, 
' 624R 

Ichthyosauria, 251, 582, 622R 
Ichthyosauridae, 622R 
lchtbyosauroides, 597L 
Ichthyosaurs, 200, 327 
Ichthyosaurus, 256, 257, 582, 

' 622R ‘ 

Ichtbyostega, 158, 159, 160, 
162, 164, 167, 168, 

170, 612R 

Ichthyostcgalia, 612R 
lchthyostegidae, J 5 8 — 167, 
167-170, 612R 
Ichthyostegopsis, 612R 
Ichtbyotringa, 121, 606R 
Ichthyotringidae, 122, 606R 
lchrhyotringoidei, 606R 
Icbthypriapus, 60 1L 
Icochilus, 646R 
Icosteidae, 610R 
Icosteoidci, 610R 
Ictaluridae, 6061. 

Ictalurus , 6061. 

Ictidailurus, 633 R 
Ictidognathus, 623R 
Ictidopappus, 479, 633R 
Ictidorhinidae, 376, 377, 

623 R 

Ictidorbinus , 623R 
Ictidosauria, 391, 392 
Ictidostoma, 623R 
Ictidosuchidae, 623 R 
Ictidosucboides, 623 R 
Ictidosuchops, 623R 
Ictidosucbus, 623 R 
Ictioborus, 628 L 
lctiobus, 606L 
Ictiocyon, 635L 
Ictitberium, 633R 
let onyx, 634 L 
Ictopidium, 630L 
Idacanthidae, 606R 
Idadon, 6061. 

Ideodelphys, 628R 
Idiocetus, 644L 
Idiophyseter, 6441. 

Idiornis, 625R 
Idiornithidae, 352, 625 R 
Idioropbus, 644L 
Iekelotodus, 599L 
Ifasaurus, 613L 
Igdabatis, 600L 
Ignacitts, 467, 468, 632L 
Ignatiolambda, 63 1L 
Iguana, 225, 617L 
Iguanavus , 61 8 L 
iguania, 230, 617L 
Iguanidae, 230, 617L 
Iguanodon, 308, 622L 
Iguanodontidae, 307, 308, 
622L 

Ikanogavialis, 620R 
Ikecbaoamia, 603 R 
Ilchunaia, 620R 
Uemoraspis, 596L 
Ilerdaesaurus, 6 1 8 L 
Hiacus, 397 
llianodon, 645L 
llioischiadic fenestra, 348 
IKofemoralis, 385, 397 
Iliopsoas, 386 
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Iliosucbus , 62 1R 
Iliotibialis, 386 
Illicium, 125 

Imagotaria, 483, 484, 635L 
Imeguincisoria, 6451. 
Imerncetus, 644L 
Imerodelpbis, 643 R 
Imhoffius, 6 1 1 L 
Imogaster, 608L 
Impedance-matching ear, 
170-172,203,204, 
211, 225, 243, 264 
Impensodens , 617L 
Impregnochelys , 616R 
Incacetus , 643 R 
Incisive foramen, 402 
Incisoscutidae, 597L 
Incisoscutum, 597L 
Incus, 394, 395 
Indalecia, 647 L 
Indarctos, 6351. 
Indeterminate cleavage, 21 
Indicatoridae, 625 R 
Indobatrachus , 615L 
Indobrachyopidae, 613L 
Indobrachyops, 61 3 L 
Indohyus, 640L 
Indolphus, 6451. 
lndomeryx, 64 1R 
Indopithecus, 633L 
Indaredunca, 642R 
Indosaurus , 62 1L 
Indosiren, 646L 
Indostomidae, 608R 
Indostomiformes, 608R 
Indosuchus, 297, 621 L 
Indotherium, 645 R 
Indotragus, 643 L 
Indraloris , 632L 
Indratherium, 6421, 
Indricotherium, 532, 645L 
Indriidae, 632R 
Indrioidea, 469, 632R 
Indrissa, 606 R 
Indrodon, 630L 
Inertial homiothermy, 324 
Infcrognatlial, 51 
Inflected angular, 430, 447, 
487 

Inflectosaurus , 6 1 3 L 
Infraspinatus fossa, 409 
Infraspinatus muscle, 409 
Ingenia, 6211, 

Ingentisorex, 63 1L 
Iniomus, 606R 
Iniopera, 601 L 
Iniopsis, 643 R 
Iniopterygidae, 81, 82, 601L 
Iniopterygiformes, 601 L 
Iniopteryx , 60 1L 
Inioxyele , 60 1L 
Injanatherium , 642L 
Inner cell mass, 444 
Inosaurus , 62 1 1. 
Inostrancevta, 623 R 
Insectivora, 449, 450, 454, 
487, 560-562, 6301. 
Insulation, 213, 341, 411, 
524, 544 
Insuza , 627L 
Intasuchus, 612R 
Interatheriidae, 646R 
Interatherium , 646R 
Intercalates, 105 
Intercalarium, 120 


Intercentrum, 143 
Interdental plates, 291 
Interbippus, 646R 
Intermuscular, bones, 116, 

122 

Internal carotid, 450, 480 
medial branch, 450 
promontory branch, 450, 

468 

Internal nares, 140, 142 
Internal trochanter, 385, 386 
Interopercular, 102, 103, 107 
Interpterygoid vacuities, 167, 
172 

Intertrochanteric fossa, 197, 
386 

Intramandibular joint, 232, 
233, 236, 297 
Intraspecific combat, 311, 

372, 392, 532 

Invertebrate chordates, 18, 19 
Iorroscupus, 604L 
Ioscion, 609R 
Iquius, 605L 
lranictis , 634L 
Iranotberium , 645 L 
Iratusaurus, 61 2R 
Irboudia, 63 8L 
Iridium anomaly, 326 
lrifera. 609R -T"/? f o C ' 

Iriodus, 598RTS-' 

1 rregutareaspis , 595R 
Ischignathus, 624L 
Ischigualastia, 623L 
Ischiotrochantericus, 385 
Iscbisaurus, 621 L 
Ischnacanthida, 89 
Ischnacanthidae, 60 1R 
Ischnacanthiformes, 60 1R 
Ischnacanthus , 86, 60 1R 
Ischnodon, 436, 628R 
Ischnolepis, 602R 
Ischymomys, 490, 637L 
Ischyodon, 60 1L 
Ischyodus, 60 1L 
Ischypetrus , 603 L 
Ischyrhiza , 600L 
Ischyrictis, 634L 
Ischyrocephalns, 606R 
Ischyrocyon, 635L 
Ischyrodidelphia, 628L 
Ischyrodon , 6191. 
lschyrodus^y9, 601L 
Ischyromyidae, 491, 492, 

635R 

Ischyromyoidea, 63 5 R 
Ischyromys, 635R 
Ischyrorhyttchus, 643R 
Ischyrotomns, 635R 
Isectolophidae, 530, 645L 
Isectolophus , 645L 
Ishatherium , 645R 
lshimomys , 6371. 
hitius, 599R 
lsmene , 607R 
Isocetus, 644L 
Isocolum, 603R 
Isodectes, 612R 
Isodon, 606R 
Isodontosaurus, 61 8L 
Isodus, 603L 
Isohyaenodon , 633L 
Isomyopotamus, 638R 
Isonidac, 607R 
Isoodon, 628R 


Isopholis , 603 R 
Isoproedrium, 647L 
Isostylops, 646R 
Isotaenia, 6011. 

Isotemnidae, 646R 
Isotemnus, 646R 
Issiodoromys, 638L 
Istieus, 604R 
Istiophoridae, 61 1L 
Istiopborus , 61 1L 
Isurichthys, 61 OR 
Isuridae, 599L 
Isurolamna, 599L 
Isuropsis, 599L 
Isnrus, 66, 599L 
Isutaetus, 647R 
Itaboraitherium, 646R 
Itasuchus, 620L 
Itemirus, 62 1R 
Ithygrammodon, 648L 
Itlilimnosaurus, 620L 
Ivantosanrns, 623 L 
Ixacantbis , 643 R 
Izuus, 610L 

Jacamars, 351 
Jacana, 6261. 

Jacanidae, 626L 
Jacheleria, 623 R 
Jacobson’s organ, 402 
Jacobulus, 603R 
Jaekelaspis, 597L 
Jagorina , 57, 596R 
Janassa, 70, 79, 601L 
Janiumus, 63 6L 
jarvikia, 612L 
Jarvikma, 61 1R 
Jaw mechanics: 

of actinopterygians, 97 
of Chelonia, 210, 211 
of crocodiles, 277, 278 
of dicynodonts, 374—376 
of dinosaurs, 309—311 
of lagomorphs and rodents, 
489, 490 

of Lepidosauria, 226 
of neopterygians, 102, 103 
of neoselachians, 74 
of primitive pelycosaurs, 
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propalineal movement, 375, 
388, 488-490 
of sarcoptcrygians, 138 
of snakes, 234, 235 
of spiny teleosts, 123, 124 
of squamates, 228 
of therapsids, 395, 396 
Jaw muscles: 

of Chondrichthyes, 62, 63 
of cynodonts, 380, 381 
of dicynodonts, 375 
of early amniotes, 194 
of modern amphibians, 
185-187 

of Osteichthyes, 62, 63, 96, 
97, 124' 

of pelycosaurs, 365, 366 
of placoderms, 46 
of rodents, 490 
of squamates, 228 
Jaw protrusion, 126, 127 
Jaw suspension: 
amphistylic, 66 
autostylic, 66 
holostylic, 66, 67, 138 


hyostylic, 66, 74 
of neopterygians, 102 
Jaws, origin of, 44-46 
Jaxartosaurus, 622L 
Jaymoytiidae, 5961. 
]axmoytius, 32, 39, 40, 41, 
5961. 

Jaywilsonomys, 6.35R 
Jefitchia, 609R 
Jekelotodns, 599L 
Jetnelka, 608 R 
Jepsenella , 630L 
jepsibaena , 61 7R 
Jiangxia, 64 3 L 
Jiaoluotherium, 63 1 R 
Jimomys, 63 6 R 
Jobertina, 6051. 
Joleaudichthys, 6111. 
Jonkeria, 623L 
Jordaniscus, 607R 
Josepholeidya, 647L 
Jozaria, 536, 645 R 
Jubbulpuria, 621R 
Judeichthyidae, 605R 
Judeichthys , 605R 
Julis, 61 0L 
Jumping mice, 492 
Juncitarsus, 6261. 
Jungersenichthys, 608R 
juravis, 624R 
Juxia, 645L 

K— T boundary, 325 
Kabulicornis, 642R 
Kachuga, 616L 
Kadaliosaurus, 61 6R 
Kahneria , 6151. 

Kakuru, 62 1L 
Kalisuchus, 619R 
Kallokibotiidae, 6I6R 
Kallokibotium, 616R 
Kallostrakoti, 596L 
Kalobatippus, 644L 
Kamacops, 6 1 2 R 
Kampholopbus, 643R 
Kamptobaatar, 418, 627R 
Kamtschatarctos, 6351. 
Kangaroo rats, 492 
Kangaroos, 436, 444 
Kangnasaurus, 622L 
Kangurus, 629L 
Kanisamys, 637L 
Kannemeyeria, 376, 6231, 
Kannemeyeriidae, 623 L 
Kansajsuchns, 620L 
Kansasimys , 636R 
Kansins, 608 L 
Kansuchelys, 616R 
Kapes, 615L 
Karakormys, 638L 
Karatausucbus, 620L 
Karauridae, 614L 
Karauroidea, 614L 
Karaurus, 181, 187, 188, 
614L 

Karelosteus, 595R 
Karnimata, 637R 
Karoomys, 624L 
Karpinskiosaurus, 613R 
Karyotype of geckos, 231 
Kashanagale, 635 R 
Katoporidae, 596L 
Katoporns, 35, 596L 
Katsuwonns, 61 OR 
Kawingasaurus, 376, 623R 
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Kayentatherium, 388, 624L 
Keeuna, 628 R 
Keichousaurus , 619L 
Kekenodon, 643 R 
Kelba, 63 OL 
Kelmayisaurus, 62 1L 
Kemptichthys, 608L 
Kendrickichthys, 597R 
Kennalestes, 445-450, 451, 
454, 629R 
Kennalestidae, 629R 
Kennatherium, 648 L 
Kentisuckus, 620R 
Kentriodon , 643 R 
Kentriodontidae, 525, 643 R 
Kentrogomphius , 63 1L 
Kentrosaurus, 313, 622L 
Kentrurosaurus, 622L 
Kentuckia , 60 1R 
Kenyalagomys, 63 9L 
Kenyamidae, 638R 
Kenyamys, 63 8 R 
Kenyapitbecus, 474, 633L 
Kenyasaurus, 616R 
Kepolestes, 627R 
Keramidomys, 636R 
Keraterpeton, 614L 
Keraterpetontidae, 614L 
Keratobrachyops, 613L 
Keratocephalus , 623L 
Kermackia, 627R 
Kerocottus, 609L 
Kestrosaurus , 613L 
Khirtharia, 640L 
Khurendukhosaurus , 616R 
Kiaeraspididae, 596L 
Kiaeraspis, 37, 596L 
Kianyousteus, 597R 
Kibenikhoric j, 646R 
Kichechia, 633R 
Kieiatithenum , 430, 627R 
Kiinkerishella, 639R 
Killer whales, 525 
Killifishes, 127 
Kimaspis, 596R 
Kimbetohia, 627R 
Kimmerosaurus, 619L 
Kindleia, 603R 
Kingfishers, 351 
Kinguria, 623 R 
Kingoriamorpha, 623R 
Kingoriidae, 623R 
Kinixys, 616L 
Kinostemidae, 213, 615R 
Kinosternon, 615R 
Kirkomys, 636R 
Kislangia, 637L 
Kistecepbalus, 623R 
Kitchingia, 623R 
Kiwis, 347-349 
Kiyutherium, 638 R 
Klamelia, 627L 
Kleinpellia, 604R 
Kneriidae, 605R 
Knightia, 605L 
Knightomys, 635R 
Knoxosaurus, 623L 
Koalas, 436, 438 
Koalemasaurus, 615L 
Koalemus, 629L 
Koalliellay 614R 
Kobikeryx, 642R 
Kobus, 642 R 
Kochictis, 639R 
Kogiopsis, 644L 


Kohatius, 63 2 R 
Koiloskiosaurus, 615L 
Koiropntamus, 640L 
Kolopsis, 629L 
Kolopsoides, 629L 
Knlpaspis, 597L 
Kolpochoerus, 640L 
Kolpobippus, 644L 
Kolponomus, 635 R 
Kolposaurus, 618L 
Kolymaspis, 596R 
Kornba, 469, 632R 
Kombusia , 623 R 
Komodo dragon, 232 
Koobor, 629L 
Kopidodon, 639R 
Kurora, 627L 
Korynochoerus, 640L 
Kosoraspis, 596R 
Kosorogasteridae, 608L 
Kotlassia, 176, 613R 
Kotlassiidae, 176, 613R 
Koupia, 623R 
Kuurerpeton, 613L 
Kourerpetontidac, 613L 
Kowalskia, 637L 
Kraemeriidae, 610R 
Kraglievichia, 647R 
Kraits, 237 
Krambergeria, 61 OR 
Kreterofhippus, 644L 
Kreyenhagenius, 609R 
Kritosaurus, 622L 
Kronoketherium, 646 L 
Kronosaurus, 619L 
Kryptobaatar, 627R 
KuartchuaniuSy 63 1L 
Kubanochoerus, 640L 
Kubanotragns, 642R 
Kuehneodon, 418, 627L 
Kuehneosauridae, 229, 230, 
617L 

KuebneosauruSy 230, 617L 
Kuehneosuchus, 617L 
Kuehneotheriidae, 627R 
Kuehneotherium, 413, 414, 
419, 426-429, 627R 
Kueicbowlepis, 597L 
Kuhliidae, 609L 
Kuhneotiy 627R 
Kujdanowiaspis, 49, 50, 597L 
Kunminia, 624L 
Kunmunella, 640L 
Kureykaspis, 595R 
Kuroidei, 610R 
Kurtidae, 610R 
Kurtodon, 627R 
Kuabebihyrax, 646L 
Kwangnanaspis, 596L 
KwangsisauruSy 6 19L 
Kyphosidae, 609R 
Kyrtodymnodon, 61 1R 

Labial cartilages, 55 
Labidolemur, 630L 
Labidosaurikos, 615L 
Lahidosaurus, 615L 
Labocatiia , 62 1R 
LaboduSy 600R 
Labracoglossidae, 6091. 
Labrax, 609L 
Labridae, 610L 
Labrisomidae, 610L 
Labrodon, 610L 
Labroidei, 610L 


Labrus, 610L 
Labyrinthine infolding of 
dentine, 141 

Labyrinthodontia, 167-176, 
612R 

Labyrinthodontosaurus, 61 1R 
LaccocephaluSy 613L 
LaccognathuSy 6 1 1 R 
Lacerta , 61 7R 
Lacertidae, 231, 617R 
Lacertilia, 228-234, 617L 
Lacertulus, 617L 
Lactariidae, 609L 
Lactarius, 609L 
Laemanctus, 617L 
Laemargus, 599R 
Laevisuchus, 62 1R 
Lafonius, 612R 
Lagarodus, 600R 
Lagerpeton, 275 , 277, 61 9R 
Lagomeryx, 64 1R 
Lagomorpha, 485, 639L 
Lagomorphs, 450 
Lagomys, 63 9L 
Lagopsis, 639L 
Lagorchestes, 629L 
Lagostomopsis, 63 8 R 
Lagostomus, 63 8 R 
Lagosuchidae, 275-277, 288, 
320, 619R 

Lagosuchus, 272, 276, 277, 
288, 289, 303, 619R 
Lagotherium, 639L 
Lagotona, 639L 
Lagurodoti , 637L 
Lagurus, 637L 
Laidleria, 613L 
Lama, 641L 

Lambdodus, 598L, 6001. 
Lambdopsalis, 627R 
Lambdotherium, 644R 
Lambeicbthys , 602L 
Lambeosaurus, 309, 622L 
Lambertocyon, 639L 
Lamboidal crest, 403 
Lamegoia, 639R 
Lamiostoma, 599L 
Lammidbania, 645R 
Lamna, 599L 
Lamnidae, 599L 
Lamnodus, 61 1R 
Lamnoidea, 76, 599L 
Lamnoids, 76 
Lampadophorus, 63 1R 
Lampanyctus, 607L 
La?npraspi$, 595R 
Lampreys, 27, 35, 42 
Lampridae, 608L 
Lampridiformes, 127 
Lampridroiei, 608L 
Lampriformes, 608L 
Lampris, 127, 608L 
Lamprolithax, 644L 
Lampropeltis, 618R 
Lanarkia, 596L 
Lanasaurus, 622L 
Lattceosaurus, 617R 
Landartichthys, 61 OR 
l.andenodon, 639L 
Lantanius, 553 
Lanternfishes, 122 
Lantbaniscus, 61 3R 
Lanthanosuchidae, 176, 613R 
Lanthanosucbus, 613R 
Lanthanotherium, 630R 


Lanthanotidae, 618L 
Lantianius, 639R 
Laoceras, 63 1R 
Laolestes, 627R 
Laornis, 626L 
Laphyctis, 634L 
Laplatasaurus, 62 1R 
Lapparentopheidae, 618L 
Lapparentopbis, 618L 
Laridac, 626L 
Lariosaurus, 584, 619L 
Lartum, 609R 
Larnovaspis, 595R 
Lartertomys, 637L 
Lartertotberium 645 R 
Larus, 626L 

Larvae, 18, 116, 165, 166, 

182 

Lasalicbthys, 602R 
Lasaniidae, 596R 
Lasanius, 39, 596R 
Lasionycterus, 63 2L 
LasiorhinuSy 629L 
Lasiurus, 632L 
Lataspis, 597L 
Lateral commissure, 93, 141 
Lateral cranial fissure, 87, 92, 
103, 139, 161 

Lateral line canals, 17, 28, 30, 
31, 38, 79, 164, 165 
Lateral line organs, 17 
Lateral mandibular fenestra, 
271 

Lateral fin folds, 38 
Laterallus, 626L 
Laterosphenoid, 273 
Lates, 129 
Latilidae, 609L 
Latilus, 609 L 
Latimeria, 147, 148, 586 
Latimeriidae, 612L 
Latipinnates, 256, 257 
Latirostraspis, 596L 
Latiscopus, 613L 
Latonia , 614R 
Latridae, 610L 
Latviacanthus, 60 1L 
Latvius, 61 1R 
Laurasia, 453 
Lauaspis, 595R 
Laugaritiomys, 637L 
Laugia, 612L 
Laugiidae, 612L 
Laurentaspis, 597R 
Lawnia, 602L 
Laxaspis, 596L 
Laytonia, 605L 
Leakeymys , 637L 
Leakeyornis, 626 L 
Leakitherium, 633L 
Leavacbia , 624L 
Lebiasinidae, 605 R 
Lebonicbtbys, 117, 604R 
Lecaniaspis, 595R 
Lecracanthus, 600R 
Ledapolepis, 597R 
Lednevia, 609R 
Leecyaena, 633R 
Leedsia, 603R 
Leedsicbthys, 603 R 
Leggada, 637R 
Legnonotus, 603R 
Lebmanosteus, 596L 
Leiacantbus, 598R 
Leidymys, 63 7L 
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Leidyosuchus , 620 R 
Leighiscus, 603 L 
Leiobatis, 600L 
].eiocephalikon, 61 4L 
Leiocephalus, 617L 
Leioderma, 612L 
Leiodus, 598L 
Leiognathidae, 609 R 
Leiognathus, 609R 
Leiolepis, 603 L 
Leiosaurus , 617L 
Leiosteidae, 597R 
Leiosteus, 597R 
Leipsanolestes, 630R 
Leipsanosaurus, 622L 
Leithia, 636R 
Leithrinidae, 609R 
l.ekanichthys, 602L 
Lelongia, 638R 
Lembacus, 605 L 
I.emmus, 637L 
Lemon shark, 76 
Lemuridae, 632L 
Lemuriformes, 632L 
Lemuroidea, 469, 632L 
Lemurosaurus, 623R 
Leobergia, 609L 
Leonhardtina , 63 3 L 
Leontinia, 646R 
Leontiniidae, 646R 
Leontocephalus, 623 R 
Leopard shark, 76 
Lepidaspis, 35 
Lepidiott, 607L 
Lepidogobius, 61 OR 
Lepidomoria, 67 
Lepidophytna, 617L 
Lepidopides , 610R 
Lepidopterus, 602L 
Lepidopus , 610R 
Lepidosauria, 224-228, 616R 
Lepidosa uromorp ha, 

219-228, 616R 
Lepidosaurus, 603 L 
Lepidosiren, 153, 612L 
Lepidosirenidae, 152, 153, 

61 2L 

Lepidotes, 603 L 
Lepidotidae, 603L 
Lepidotrichia, 86, 105 
Lepidotus, 107, 603 L 
Lepisacanthus, 608L 
Lepisosteidae, 100, 101, 603L 
Lepisostei formes, 603L 
Lepisosteus , 100, 603 L 
Lepomis, 609L 
Leporidae, 489, 639L 
Lepospondyli, 613R, 614L 
Lepospondyls, 167, 176-180, 
198 

Leptacantholepidus, 607R 
Leptacanthus , 600R, 601L 
Leptacodon, 63 1L 
Leptacoltherulum , 640 L 
Leptadapts, 632L 
Leptailurus, 633R 
Leptarctus, 63 4L 
Leptaspis, 597L 
Leptauchenia, 640R 
Leptecodon, 606 R 
Lepterpeton , 614L 
Leptichthys, 604R 
Leptictida, 454, 455, 630L 
Leptictidae, 450, 454, 455, 
456, 630L 


Leptictidium , 630L 
Leptictis , 454, 455, 630L 
Leptobos, 642R 
Leptocephalus larva, 116, 117 
Leptoceratops, 3 10, 622L 
Leptochamops, 617R 
Leptocheles, 60 1R 
Leptochoeridae, 640L 
Leptocleidus, 61 9L 
Leptocyon, 634R 
Leptodactylidae, 185, 615L 
Leptodactylus , 615 L 
Leptodelphis, 643 R 
Leptodontomys, 636R 
Leptogenichthys, 602L 
Leptoglossa, 61 7L 
Leptolambda , 631L 
Leptolepidae, 105, 106, 114, 
604L 

I^eptolepides, 114, 115, 118, 
604L 

Leptolepiformes, 604L 
Leptolepis, 106, 1 14, 604L 
Leptolophus, 644R 
Leptomerycidae, 517-519, 
641R 

Leptomeryx, 517, 519, 64 1R 
Leptomylus, 60 1L 
Leptonycteris, 63 1R 
Leptonysson, 630R 
Leptophoca, 484, 634R 
Leptophractus, 613R 
Leptopleuron, 615L 
Leptopterygiidae, 622R 
Leptopterygius , 622R 
Leptoreodon, 64 1R 
Leptoropha, 615L 
Leptorycteropus , 547, 646R 
Leptosaurus , 616R 
Leptoscopidae, 610L 
Leptosiagon, 629L 
Leptosomidae, 625L 
Leptosomus, 606R 
Leptospondylus, 62 1R 
Leptosteidae, 51, 597L 
Leptosteus , 5971. 

Leptostyrax, 599L 
Leptosuchus, 619R 
Leptotataromys, 63 8L 
Leptotheridium, 640L 
Leptotomus , 635R 
Leptotracbelus, 623 R 
Leptotragulus, 64 1R 
Leptotragus , 642R 
Leptotyphlopidae, 236, 61 8L 
Lepus, 639L 
Lerichaspts, 595 R 
Lesothosaurus, 304, 62 1R 
Lesothosuchus, 620L 
Lesser panda, 482 
Lesser trochanter, 386, 410 
Lessnessina, 63 9 R 
Lestichthys, 606R 
Lesticodus, 618L 
Lestodelphys, 628 L 
Lestodon, 648 L 
Lestophis, 617R 
Lestosaurus , 618L 
Lestrodus, 598L 
Letalophodon, 63 1R 
Lethiscidae, 613R 
Lethiscus, 178, 613R 
Letoverpeton, 613R 
Leucichthyops, 605R 
Leuciscus, 606L 


Leucodelphis, 628L 
Leucus, 606L 
Leukaristomys, 637L 
Leurospondylus, 619L 
Levator angularis oris, 375 
Lewisuchus, 619L 
Lexovisaurus , 622L 
Lumghusuchus , 620R 
Liassolepis, 604L 
Libanoberyx, 608L 
Libanopristis , 600L 
Libralces , 64 1R, 642L 
Libycosuchidae, 620L 
Libycosuchus, 620L 
Libypithecus , 63 2R 
Libys, 612L 
Libytherium, 642L 
Licaphrium , 647L 
Licaphrops, 647L 
Lichia, 609R 

Ligamentum capitis femoris, 
410 

Ligerimys, 636R 
Lignimns, 63 6R 
Lihoodon, 643 L 
Likhoelia, 624L 
Liliaspis, 595R 
Limanda , 61 1L 
Limnatornis , 625L 
Limnenetes , 640R 
Limnerpeton , 612R 
Umnioscomys , 63 7R 
Limnocyon , 633L 
Limnoecus, 462, 631L 
Limnofelis , 633L 
lAmnofregata , 355, 626R 
Limnohyops, 532, 644R 
Limnoiketes, 613L 
Limnonyx, 634L 
Limnopithecus, 632R 
Limnosaurus , 620R, 622L 
Limnoscelidae, 176, 613R 
Limnoscelis, 164, 169, 175, 
198, 613R 

Limnosceloides , 613R 
Limnoscelops, 61 3R 
Limnostygis, 613R 
Limnotherium , 632L 
Limognitherium, 644R 
Limpkins, 352 
Lindholmemys, 615R 
Litigulella, 604L 
Lingulellidae, 604L 
Linnania , 489, 635R 
Linophryne, 126 
Linophrynidae, 607L 
Liodestnus, 603R 
Liodon , 61 8 L 
Liodontia, 635R 
Liognathus, 597L 
Liolithax, 643 R 
Liomys, 636R 
Lioplenrodon, 248, 619L 
Liotomus, 627R 
Lipodectes, 63 9L 
Lipogenyidae, 605L 
Lipotyphla, 461, 630L 
Lirosceles , 609L 
Lisbosaurus, 61 8L 
Lisogodus, 601 L 
Lispacanthus, 600R 
Lispognathus, 597L 
Lissemys, 616L 
Lisserpeton, 614R 
Lissoberyx, 608L 


Lissodus , 598 R 
Lissolepis, 603 R 
Lissoprion, 598L 
Listracanthus, 600L, 600R 
Listraspis, 595R 
Listriodon , 640L 
Litakis, 617L, 618L 
Litaletes, 547, 639R 
Lithofundulus , 607R 
Lithophis , 618R 
Lithornidae, 624R 
Lithornis , 624R 
Litodontomys, 638R 
Litogalus, 639L 
Litokoala, 629L 
Litolestes, 462, 630R 
Litolophus, 644R 
Litomylus , 63 9 R 
Litopterna, 549, 647L 
Litoptychius, 61 1R 
Litotaspis , 595R 
“Living fossils,” 585, 586 
Livosteus, 597L 
Lizard fish, 121, 122 
Lizards, 224, 228, 234, 328 
Llamas, 510, 515 
Llistrofus, 614L 
Loaches, 119 
Lobopterus, 608L 
Lobotidae, 609R 
Lochmocercus, 612L 
Locomotion: 

ancestral vertebrate pattern, 
17 

of cynodonts, 383-386 
of ichthyosaurs, 251—256 
of kangaroos, 438 
of lepidosauromorphs, 221, 
222 

of nothosaurs, 244—246 
of plesiosaurs, 246—248 
of primitive 

archosauromorphs, 
264, 265 

of primitive tetrapods, 
161-164 

of spiny teleosts, 122, 123 
Lofochaius , 63 1L 
Logania , 35, 596L 
Loganiidae, 596L 
Lohsania, 61 1R 
I.omaphorus, 647R 
Lombardina , 604L 
Lomomys , 638R 
Lompochites, 609 R 
Lompoquia, 609R 
Lonchidion, 598R 
Lonchoconus, 639R 
Lonchodectes , 62 1L 
Lonchodelphis, 644L 
Longipinnates, 256, 257 
Longirostromeryx , 64 1R 
Longiscitula , 612R 
Loons, 356 
Lophacanthus, 600R 
Lophar, 609R 
Lophaspis, 595R 
Lophialetes, 645 L 
Lophialetidae, 530, 645L 
Lophiaspis, 644R 
Lophiidae, 607L 
Lophiiformes, 125, 126, 607L 
Lophiobunodon, 639R 
Lophiodon, 645L 
Lophiodontidae, 530, 645L 



674 


INDEX 


Lophiohys , 63 9 R 
Lophioidei, 607L 
Lophiomeryx, 64 1R 
Lopbiopus , 644R 
Lophiostomus , 604L 
Lophiotherium , 644R 
Lopbiparamys , 635R 
Lopbiurus , 603 R 
Lophius, 125, 126, 607L 
Lophocanthus , 600R 
Lopbocetus, 643 R 
Lophochelys, 616L 
Lophochoerus, 640L 
Lopbodus, 598L, 600L, 
600R 

l.opbolistriodon , 640L 
Lophoodon, 643 L 
Lopbopiscis, 595R 
Lophoprionolepis , 612L 
Lophoprosopus, 619R 
Lophorhinus, 619R 
Lophorhothon , 622L 
Lophosteus, 596L 
Lopbostracon, 597L 
Lophotidae, 608R 
Loricariidae, 606R 
Loricata, 647R 
Lortcopteraspis, 595R 
Loricosaurus , 62 1R 
Loricotbenum, 617R 
Lorisidae, 469, 632R 
Lorisoidea, 632R 
Lota, 607L 
Lotella, 607L 
Lotimorpha, 607L 
Lotosaurus , 619R 
L.ouisina, 639R 
Loveina, 632R 
Loxaulax, 627L 
Loxodon, 599L 
Loxodonta , 536, 539, 574, 
575, 646L 
Loxolithax , 643 R 
Loxolophinae, 504, 526 
Luxolopbodon, 63 1R 
Loxolophus , 527, 528, 639L 
Loxomma, 612R 
Loxommatidae, 612R 
Loxommatoidea, 170, 171, 
612R 

Loxomylus , 60 1L 
Luartgwa, 624L 
I.uantbus, 638R 
Luciocephalidae, 61 1L 
Luciocephaloidei, 61 1L 
Lucioperca , 609E 
Lucodidelphys, 628 L 
Ludiurtyx , 626L 
Luederia, 603L 
Luetkeichthys , 597L 
Lufengia , 624 L 
Luganoia, 602R 
Luganoiidae, 602R 
Luganoiiformes, 101, 602R 
Lugengosaurus , 62 1R 
Luisichthys , 604L 
Lukousaurus , 62 1L 
Lunania, 644R 
Lunar, 410 
Lunaspis, 54, 596R 
Lungfish, 148—153 
Lungmenshanaspidae, 596L 
l.ungmenshanaspis, 596L 
Lupeosaurus, 623 L 
Luperosuchus , 619R 


Lupopsyrus, 60 1L 
Luribayomys, 63 9L 
Lushiamynodon , 645L 
Lushilagus, 63 9L 
Lushius , 632L 
Lusitanosaurus, 622L 
Lutianus, 609R 
Lutjanidae, 609R 
Lutjanus , 609R 
Lutra, 634L 
Lutravus, 634L 
Lutreolina, 628L 
Luvariidae, 61 1L 
I.uxilitos, 606R 
Luzocephalus, 613L 
Lycaenodon , 623R 
Lycaenodontoides , 623R 
Lycaenognathus , 624L 
Lycaenops, 376, 623R 
Lycaon , 634R 
Lycideops , 623 R 
Lycideopsidae, 623 R 
Lycochampsa , 624L 
Lycodus, 603 R 
Lycopsts, 62 8 L 
Lycoptera, 115, 116, 6041. 
Lycopteridae, 604L 
Lycorhinus, 622L 
Lycosaurus, 623 R 
Lycyaena , 633 R 
l.ydekkeria, 646L 
Lydekkerina, 613L 
Lydekkerinidae, 613L 
l.ydekkeriott, 635 L 
Lygisma, 605 L 
Lygisoma, 605 L 
Lygodactylus , 6171. 

Lyktaspis, 595R 
Lyncodon, 634L 
Ly«x, 633R 
Lvomeri, 6051. 

Lyopomi, 605L 
Lyrocephaliscus , 613L 
Lyrocephalus , 613L 
Lyrocerus, 642R 
Lyrosaurus, 613L 
Lysorophidae, 178-180, 614L 
l.ysorophus , 614L 
Lystrosauridae, 623 R 
Lystrosaurus, 376, 623R 
Lytoloma , 616L 

Mabokopilhecus, 640L 
Mabuya, 617R 
Moored, 632R 
Macacus , 63 2 R 
Maccullochella , 609L 
Macedonitherium, 642 L 
Machaeomeryx, 64 1R 
Machaeracanthus, 60 1R 
Machaerognathus, 597R 
Machaeroides, 633L 
Machaeroprosopus, 619R 
Machaerosaurus, 617R 
Macbairodus, 482, 633R 
Machimosaurus, 620L 
Machlydotherium, 647R 
Machrochirifer, 643 R 
Mackerel shark, 76 
Macracara, 610L 
Macrauchenia, 647L 
Macraucheniidae, 549, 647L 
Macraucbeniopsis , 647L 
Macraulostomus , 608R 
Macrepistus, 603 R 


Macrerpeton, 612R 
Macroaetbes , 602R 
Macrobaena , 616R 
Macrobracbius, 597R 
Macrocephalochelys, 616L 
Macrocepbalosaurus , 617R 
Macrocephenchelyidae, 604R 
Macrochelys , 616L 
Macroclemys, 616L 
Macrocnemus , 619L 
Macrocranion, 630L 
Macrodelpbinus , 643 R 
Macrodontacanthus , 600R 
Macroeupbractus, 647R 
Macroevolution, 576-587 
Macrogalidia , 633 R 
Macrognatbomys , 636R 
Macrobizodus , 59 9 L 
Macroleter , 613 R 
Macromerion, 622R 
Macromerosaurus, 61 9L 
Macromesodon , 603 L 
Macrones, 606 L 
Macronichthys, 606L 
Macronoides , 606L 
Macropelohates , 614R 
Macropetalichthyidae, 596R 
Macropctalicbtbys, 54, 596R 
Macrophalangia, 62 1L 
Macrophoti , 615L 
Macroplata, 61 9L 
Macropodidae, 437, 629L 
Macropoma, 612L 
Macropomoides, 612L 
Macropus , 438, 444, 629L 
Macrorhamphosidae, 608R 
Macrorbineura, 617R 
Macrorhinus, 583 
Macrosaurus, 618L 
Macroscelidea, 630L 
Macroscelides, 630L 
Macroscelididae, 486, 487, 
630L 

Macrosemiidae, 603R 
Macrosemiiformes, 109, 603R 
Macrosemius, 603R 
Macrostoma , 609R 
Macrotarsius, 632R 
Macrotherium , 644R 
Macrotis, 628 R 
Macrouroidei, 607R 
Macrourus , 607R 
Macrurocyttidae, 608 L 
Macrurosaurus, 62 1R 
Madariscus , 604L 
Madoqua, 642R 
Madrimosaurus, 620L 
Madtsoia, 618R 
Magnetic reversals, 326 
Magnosaurus, 62 1 L 
Magnum, 410 
Magyarosaurus, 62 1R 
Mahavisaurus, 613L 
Mahgarita, 632L 
Maiasaura, 622 L 
Maiorana , 639R 
Majokia, 604L 
Majokidae, 604L 
Majungasaurus, 62 1L 
Majungatbolus , 622L 
Makapania, 642R 
Mako shark, 76 
Malacosteidae, 606R 
Malacothrix, 637R 
Malagasy lemurs, 468 


Malapteruridae, 606L 
Malaquiferus, 641L 
Malerisaurus, 619L 
Malerosteus , 597L 
Malleolar, 514, 517 
Malleus, 394, 395 
Mallodelphys, 628L 
Mallotus, 605R 
Malpolon , 618R 
Maltbacolestes , 627R 
Mambas, 237 
Memenchisaurus, 62 1 R 
Mammacyon, 634L 
Mammalia, 627-648 
Mammals, 401-568 
Mammary glands, 411 
Mammut, 646L 
Mammuthus, 539, 574, 646L 
Mammutidac, 646L 
Mammutoidea, 539, 646L 
Manatees, 544, 545 
Manatberium , 646L 
Manatidae, 6461. 

Manatus , 646L 
Mancalla, 626L 
Manchurichthys , 604L 
Manchurochelys, 616R 
Manchurodon, 627R 
Mandasucbus, 619R 
Mandibular foramen, 438 
Mandschurosaurus, 622L 
Manidae, 648L 
Manis, 648L 
Manitsba , 635R 
Manlietta , 602R 
Mannodott, 628R 
Manta , 78, 600L 
Manteoceras, 532, 644R 
Manteodon, 63 1R 
Manubrium, 395 
Maplemillia, 600L 
Marcetia , 634L 
Marckgrafia , 599R 
Marcuinomys, 639L 
Margaritacantbus, 600R 
Marlin, 582 
Marmosa, 628 L 
Marmosopsis , 628L 
Marplesornis, 627L 
Marracanthus, 601L 
Marsdenichthys, 61 1R 
Marsdenius, 60 1R 
Marshosaurus, 62 1R 
Marsupial (epipubic) bones, 
409, 447, 448 
Marsupial mole, 439 
Marsupialia, 430—439, 628L 
Marsupials, 328 
Martes , 634L 
Martinichthys , 604L 
Martinogale, 634L 
Masillamys, 635R 
Masrasector , 633R 
Masritherium , 640R 
Masseter, 381, 395 
deep, 380, 381, 490 
lateralis, 490 
medialis, 490 
superficial, 381, 387, 395 
superficialis, 490 
Massatenc fossa, 380, 387 
Massateric process, 387 
Massetognathus, 387, 624L 
Massilabune, 640R 
Massospondylus, 583, 621R 
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Mastacembelidae, 61 1L 
Mastacembeloidei, 61 1L 
Mastacomys, 63 7 R 
Mastersonia, 623L 
Mastodonsauridae, 613L 
Mastodonsaurus, 168, 613L 
Mastoid exposure in 

artiodactyls, 510, 517 
Mastoid process, 446 
Mastomys , 637R 
Mastygocerus, 604R 
Matarcbia, 61 OR 
Matthesia, 63 1R 
Matutinia , 635 R 
Mauchchunkia, 613R 
Mauicetus , 644L 
Mauisaurus , 619L 
Mauremys, 616L 
Mauritanichthys , 602R 
Mawsonia, 612L 
Maxschlosseria , 646R 
Mayomyzon, 40, 41, 596R 
Mayomyzontidae, 596R 
Mazodus, 600R 
Mckennamorpbus, 632R 
Mckennatherium , 630R 
Meckel’s cartilage, 46 
Mecolepis, 602L 
Mediaspis, 597L 
Mediochoerus , 640R 
Medistylus , 646R 
Megabatbygenys, 640R 
Megabelodon, 645R 
Megaceroides, 642L 
Megacerops, 644R 
Megaceros , 642L 
Megachiromyoides , 635 R 
Megachiroptera, 464, 63 1R 
Megachoerus , 640L 
Megacnemus, 619L 
Megacricetodon , 63 7L 
Megacrodon, 647L 
Megactenomys, 63 8R 
Megactenopectalodus , 60 1L 
Megactenopetalus, 60 1L 
Megacyclops, 623R 
Megadactylus , 62 1R 
Megaderma, 63 1 R 
Megadermatidac, 63 1R 
Megadontosuchus, 620R 
Megadyptes , 627L 
Megaegotheles, 625L 
Megagomphodon, 624L 
Megabippus , 644R 
Megalagus, 639L 
Megalancosaurus, 619R, 620L 
Megalama, 232, 618L 
Megalapidae, 632L 
Megalapis, 632L 
Megalapteryx , 624R 
Megalesthonyx, 63 1L 
Megalichthys, 145, 61 1R 
Megalictis, 634L 
Megalneusaurus, 6191. 
Megalocepbalus, 171, 612R 
Megaloceros, 642L 
Megalocbelys, 61 6R 
Megalodelpbis, 643 R 
Megalohyrax, 546, 646L 
Megaloia, 629L 
Megalolepis, 607L, 61 OR 
Megalonychidae, 647R 
Mcgaionychoidea, 558, 559, 
647R 

Megalonychops, 647R 


Megalonycbotherium, 647R 
Megalonyx , 558, 562, 647R 
Megalopidae, 604R 
Megaloplax, 597L 
Megalops, 1 1 7 
Megalopterus, 603R 
Megalopteryx, 595R 
Megalosauridae, 294, 295, 
621L 

Megalosaurus, 292, 295, 62 1L 
Megaloscelornis, 624R 
Megalotragus, 642 R 
Megalotriton , 614R 
Megalovis, 642R 
Megalurites, 6 11R 
Megalurus, 603 R 
Megamolgopbis, 614L 
Megantereon, 633 R 
Meganthropus, 633L 
Megapaloelodus, 6261. 
Megapedetes, 638L 
Megapleuron, 612L 
Megapodiidae, 625L 
M egapomus, 6 1 1 R 
Megaptera, 644L 
Megapteriscus, 603 L 
Megapterna, 632L 
Megapteropsis, 644L 
Megapus , 606R 
Megasaurus, 618L 
Megaselachus, 599L 
Megasernon, 61 6R 
Megasespia, 640R 
Megasminthus , 637L 
Megasternum, 616R 
Megastoma, 604L 
Megastus, 638R 
Megatapirus, 645L 
Megatarsius, 632 L 
Megathericulus , 648 L 
Megatheriidae, 647R 
Megatherioidea, 558, 559 
Megatheriops, 648L 
Megatherium , 558, 648L 
Megatylops, 641 L 
Megatylopus, 64 1L 
Megazostrodon, 402, 420, 
627L 

Megistolepis, 61 1R 
Megistopuspbolis, 606R 
Megistotberium, 633L 
Megoreodon, 640R 
Meidiichthys, 602R 
Meiolania , 615R 
Meiolaniidae, 212, 615R 
Meiostylodon, 63 1L 
Mekolepis , 602L 
Melamphaeidae, 608 L 
Melanocetidae, 607L 
Melanodon, 627R 
Melanogrammus, 607L 
Melanopelta, 613R 
Melanorosauridae, 298, 621 R 
Melanorosaurus, 621 R 
Melanosauroides, 618L 
Melanosaurus, 617R 
Melanostomiidae, 606R 
Melanosuchus, 283, 620R 
Melanotaeniidae, 607R 
Melanothyris, 615L 
Melanotus, 607L 
Meldimys, 635R 
Meleagris, 625L 
Meles, 634 L 
Meletta, 605L 


Melettina, 605L 
Meliakrouniomys, 636R 
Melinodon, 624L 
Melissiodon, 637L 
Mellalictis, 634L 
Mellidelavus, 634L 
Mellivora, 634L 
Mellivorodon, 633R 
Melodon, 634L 
Melosauridae, 612R 
Melosaurus , 612R 
Melursus , 635L 
Memina, 628L 
Menaspacanthus, 600R 
Menaspidae, 600R 
Menaspis, 600R 
Menaspoid, 79, 80 
Mcnaspoidei, 600R 
Mendocmia, 602R 
Mendocinicbthys, 602R 
Mene, 129, 609R 
Menelikia, 642R 
Menidae, 129, 609R 
Menidia, 607R 
Meniscodon, 639R 
Meniscoessus, 627R 
Meniscognatbus , 617R 
Meniscolophus, 629L 
Meniscomys, 635R 
Meniscotheriidae, 504, 505, 
639R 

Meniscotberium, 639R 
Menoceras, 645R 
Menodus, 644R 
Mcnotyphla, 460, 487 
Mentoclaenodon, 63 9L 
Mephitis, 634L 
Mephititaxus, 634L 
Mercoides, 640R 
Mergus, 626R 
Meriamella, 608 R 
Meridensia , 602R 
Meridiosaurus, 620L 
Meridiungulata, 629R 
Meristodon, 598R 
Merlangus, 6071. 

Mertuccius, 607L 
Meroehyrax, 646L 
Meropidae, 625 L 
Merriamia, 255-257, 622R 
Merriamina, 607L 
Merriamoceros, 642L 
Mertensiella, 614R 
Merulucciidae, 607L 
Meryceros, 642L 
Merychippus, 534, 535, 644R 
Merychyus, 640R 
Merycobunodon, 64 1L 
Merycochoerus, 640R 
Merycodesmus, 64 1R 
Merycodus, 642L 
Merycoidodon, 513, 640R 
Merycoidodontidae, 513, 514, 
640R 

Mcrycoidodontoidea, 513, 
514, 640R 

Merycopotamus, 511, 640R 
Merycops, 640R 
Mesacanthus, 60 1R 
Mesaceratheriutn, 645R 
Mesagriocboerus, 640R 
Mesatirhinus, 644R 
Mesaxonic, 453, 528 
Meschotherium, 645R 
Mesembriacus, 642R 


Mesembnportax, 642R 
Mesembroniscus , 603 L 
Mesenosauridae, 616R 
Mesenosaurus, 616R 
Mesibatis, 600L 
Mesiteia, 598R 
Mesitornithidae, 625R 
Mesocetus, 644L 
Mesochelys, 615R 
Mesochoerus , 640L 
Mesocricetus, 63 7L 
Mesocuneiform, 410 
Mesocyon, 634R 
Mesodapedon , 6 1 9R 
Mesoderm, 21 
Mesodma, 627L 
Mesodmodus , 598L, 598R. 
600L 

Mesodon, 603L 
Mesogaster, 607 R 
Mesogaulus, 635L 
Mesogomphus , 600R 
Mesohippus, 534, 535, 644R 
Mesolepis, 602L 
Mesoleptos, 61 8L 
Mesomephitis, 634L 
Mesomeryx, 517, 639R 
Mesomcbtbys, 602L 
Mesonychia, 520-522, 643L 
Mesonychidae, 520—522, 
643L 

Mesonyx, 520, 643L 
Mesophis, 618R 
Mesopitbecus, 632R 
Mesoplodon, 643R 
Mesopoma, 601 R 
Mesopropithecus, 632R 
Mesopterygi, 72 
Mesoreodon, 640R 
Mesorbinosuchus, 273, 619R 
Mesosauria, 205, 206, 615R 
Mesosauridae, 615R 
Mesosaurs, 241 
Mesosaurus, 206, 615R 
Mesoscalops, 630R 
Mesosiren, 646L 
Mcsosuchia, 282, 283, 620L 
Mesosucbus, 266-268, 619R 
Mesotarsal joint, 262, 288, 
334 

Mesoteras, 644L 
Mesotheriidae, 647L 
Mesotherium, 551, 647L 
Messelina, 63 0L 
Messelobunodon, 639R 
Mesturus, 603 R 
Metabolic rare: 
of birds, 338 
of dinosaurs, 320, 321 
of invertebrate chordates, 
19 

of ostracoderms, 30 
of primitive mammals, 411 
of pterosaurs, 335 
of therapsids, 379, 380 
Metabolic scope, 320, 321 
Metabolism: 
anaerobic, 380 
oxidative, 380 
intrauterine, 444 
Metacaenopus , 645R 
Metaceratodus, 612L 
Metacervulus, 642R 
Metacheiromyidae, 560-562, 
648L 
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Metacheiromys, 560, 561, 
648L 

Metacherius , 62 8 L 
Metachirops, 628L 
Metacodon, 630R 
Metacone, 426 
Metaconid, 426 
Metacordylodon, 63 1 L 
Metacorypbodon, 63 1R 
Metadjidaumo, 636R 
Metaepanortbus, 628R 
Metahapalodectes, 643L 
Metailurus, 633R, 634L 
Metamorphosis, 20, 34, 40, 
125, 182 

Metamynodon , 645L 
Metanothosaurus , 619L 
Metapbiomys , 493, 638L 
Metapleural folds, 18 
Metapomichthys, 608 L 
Metaptervgium, 66, 73 
Metapterodon, 633L 
Metarchidoskodon, 646L 
Metarctos, 635L 
Metarhinus , 619R, 644R 
Metasayimys, 63 8 L 
Metascbizotherium, 645L 
Metasinopa, 633L 
Metasqualodon, 643 R 
Metatelmatherium , 644R 
Metatheria, 430—439, 628L 
Metatitan , 644R 
Metaxyacanthus, 600R 
Metaxygnathus , 61 1R 
Metaxytberium, 646L 
Metecbinus, 630R 
Meteutatus, 647R 
Metkamys, 635 R 
Metochotona, 639L 
Metoldobotes, 486, 630L 
Metopacanthus, 600R 
Metopocetus , 644L 
Metoposauridae, 613L 
Metoposauroidea, 173, 613L 
Metoposaurus , 169, 613L 
Metopotoxus, 647R 
Metoreodon, 640R, 64 1L 
Metriacanthosaurus, 62 1L 
Metridiochoerus, 640L 
Metriodromus, 628R 
Metriorhynchidae, 282, 620L 
Metriorhynchus, 282, 620L 
Metriotberium, 639R 
Meyasaurus, 61 6R, 618L 
Miacidae, 479-481, 633L 
Miacis, 633L 
Miacoidea, 633L 
Miccylotyrans, 627R 
Mice, 490 
Micbenia, 64 1L 
Micoureus, 628L 
Micrabderites, 628 R 
Micranteosaurus, 623 L 
Micraroter , 184, 614L 
Mtcraspis , 596L 
Microadapis, 632L 
Microbacbius, 597R 
Microbiotberidion, 628L 
Microbiotheriidae, 432, 433, 
628L 

Microbiotherium, 432, 628L 
Microbrachidae, 614L 
Microbracbis, 178, 179, 614L 
Microbrachomorpha, 179, 
614L 


Microbunodon, 640R 
Microcapros, 608L 
Microcavia , 638R 
Microcentrum, 608L 
Microceratodus, 612L 
Microceratops, 622L 
Microcetus, 643 R 
Microcbampsa, 620L 
Microchiroptera, 463, 464, 
63 1R 

Microchirus, 6 1 1 L 
Microcboerus, 632R 
Microclaenodon, 521, 643L 
Microcleidus, 619L 
Microcnemus, 615L 
Microcoelus , 621 R 
Microconodon, 624L 
Microcosmodon, 627R 
Microcricetus, 63 7L 
Microdelphys, 628L 
Microdesmidae, 61 OR 
Microdon, 109, 603R 
Microdyromys, 636L 
Microevolution, 569—576 
Microgadus, 124 
Microgomphodon, 624L 
Microhylidae, 185, 61 5L 
Microhyus, 639R 
Microlepis, 596L 
Micromelerpeton, 612R 
Micromelerpetontidae, 61 2R 
Micromeryx, 64 1R 
Micromomys, 63 2L 
Micromys, 637L 
Micronotbosaurus , 6 1 9L 
Micropacbycephalosaurus, 
6221. 

Microparamys, 492, 635R 
Micropbocaena, 643 R 
Micropbolis, 61 2R 
Microphon, 615L 
Microposaurus, 61 3L 
Micropristis, 600L 
Microps, 604L 
Micropternodontidae, 461, 
631 L 

Micropternodus, 63 1L 
Micropterus, 609L 
Mtcropteryx, 609R 
Micropycnodon, 603R 
Microsauria, 179, 180, 186, 
614L 

Microsaurs, 198 
Microselenodon , 640R 
Microsorex, 63 1L 
Microsteus, 597R 
Microstonyx , 640L 
Microstylops, 646R 
Microsucbus, 620L 
Microsuevosciurus, 638L 
Microsula, 626R 
Microsus, 639R 
Microsyopidae, 632L 
Microsyops, 632L 
Microtbelodon, 615L 
Microtitan, 644R 
Microtodon , 637L 
Microtomys, 637R 
Microtoscoptes, 637L 
Microtragulus, 628R 
Microtragus, 642R 
Microtus, 492, 637L 
Microvcnator , 621 L 
Microzeuglodon, 643R 
Mictomys, 637R 


Middle ear. See also Hearing 
of primitive mammals, 403, 
406 

of primitive tetrapods, 1 65 
of therapsids, 393-395 
Migration, 324 
Miguashaia, 147, 612L 
Miguelsoria, 6471. 
Milananguilla, 604R 
Milananguillidae, 604R 
Milk fishes, 1 19 
Milleretoides, 615R 
Milleretta, 615R 
Millerettidae, 6I5R 
Millerettops, 615R 
Millerina, 615R 
Milleropsis, 61 5 R 
Millerosauroidea, 615R 
Millerosaurs, 203 
Millerosaurus, 615R 
Millerosteus, 597L 
Milnea, 626L 
Milosaurus, 623 R 
Miltaspis, 595R 
Mimatuta, 639R 
Mimeosaurus, 617L 
Mimetodon, 627R 
Mimia, 90, 92, 93, 98, 60 1 R 
Mimobecklesisaurus, 61 7R 
Mimocyon, 633 L 
Mimolagus, 487, 488, 635R, 
639L 

Mimomys , 637L 
Mimoperadectes, 628L 
Mimotona, 488, 635R, 639L 
Mimotonidae, 635 R 
Mimotricentes, 639R 
Mincbenella, 537, 63 9R 
Minerva, 625 L 
Minestaspis, 596L 
Miniochoerus , 641 L 
Miniopterus, 464, 632L 
Minke whale, 527 
Minnows, 119, 120 
Minuania, 628L 
Minusculodelpbis, 628L 
Minytrema, 606L 
Mioacboerus, 639R 
Mioceppbus, 626 L 
Miochinus, 630R 
Miochomys , 63 7L 
Miocitta, 625 R 
Mioclaenidae, 639R 
Mioclaeninae, 547, 549 
Mioclaenus , 63 9 R 
Miocochilius, 551, 646R 
Miodelpbis, 644L 
Mioeuoticus, 469, 632R 
Miofulica, 626L 
Mioglareola , 626L 
Mioglis , 636R 
Miohippus, 535, 644R 
Miobyaena, 633 R 
Miolabis, 64 1L 
Miolanta, 615R 
Miomachairodus, 633R 
Miomastodon, 646L 
Miomepbitis, 634L 
Miomeryx, 64 1R 
Miomustela, 634L 
Mionatrix, 618R 
Mionictis, 634L 
Miopelobates , 614R 
Miopelodytes, 614R 
Miopetaurista, 636L 


Miopbasianus, 625L 
Mioplarcbus, 609L 
Mioplosus, 609L 
Mioproteus, 614L 
Miorallus , 626L 
Miorbynchocyon, 630L 
Miortyx, 625L 
Miosciurus, 636L 
Miospermopbilus , 636L 
Miosula, 626 R 
Miotalpa, 63 7L 
Miotapirus, 645 L 
Miotben, 63 1L 
Miothunnus , 610R 
Miotylopus, 64 1L 
Miozipbius, 643 R 
Mirandaia, 628L 
Mirandatberium, 628L 
Mirocetus, 644L 
Mitragocerus, 642R 
Mitsukurinidae, 599L 
Mixoclaenus, 630L 
Mixodectes , 630L 
Mixodectidae, 477, 630L 
Mixohyrax, 646L 
Mixosauridae, 622R 
Mixosaurus, 254, 257, 622R 
Mixtotherium, 640L 
Mnemeiosaurus, 623L 
Moas, 348, 349 
Mobulidae, 600L 
Mochlodon , 622L 
Mochokidae, 606L 
Moenkopia, 612L 
Moeritheriidae, 645R 
Moeritherioidea, 540, 645R 
Moeritherium, 540, 541, 

645 R 

Mogera, 630 R 
Moiachoerus, 640L 
Mojavemys, 63 6R 
Mola , 61 1R 
Molar cusps, 426, 427 
Mole, marsupial, 439 
Mole rats, 493 
Molecular evidence for 

relationships, 453, 474 
Moles, 460-462 
Molge, 614R 
Molgophis, 614L 
Molidae, 61 1R 
Molossidae, 632L 
Molva, 607L 
Molybdichthys, 602R 
Molybdopygus, 623L 
Momotidae, 625 L 
Monachopsis, 634R 
Monacbus, 484 
Monaspis, 597L 
Mongolemys, 615R 
Mongolestes, 643L 
Mongolonyx, 643L 
Mongoloryctes, 648L 
Mongolosaurus , 62 1R 
Mongolotherium , 63 1R 
Monjurosuchus, 616R 
Monocentridae, 608L 
Monocentris, 608L 
Monochir, 6111. 
Monocladodus, 598L, 598R 
Monoclonius, 622R 
Monodactylidae, 129, 609R 
Monodelphiops, 628 L 
Monodelpbis, 628 L 
Monodelpbopsis, 628L 
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Monodon, 643 R 
Monodontidae, 525, 643R 
Monognathidae, 605L 
Monolopbodon , 646R 
Monophvletic, 6 
Monophyly, 6 
Monopleurodus, 60 1R 
Monorhina, 35—39 
Monosaulax , 6361. 
Monotherium, 634R 
Monotremata, 419, 627L 
Montanatylopus , 64 1L 
Montanoceratops, 622L 
Montherium , 484, 634R 
Mookomys, 636R 
Moonfish, 129 
Moorish idol, 130 
Moradisaurus, 615L 
Morenocetus, 644L 
Morenosaurus, 619L 
Morganucodon, 394, 402, 
412-414, 420, 421, 
426, 445, 446, 627L 
Morganucodontidae, 

402-414, 420, 627L 
Morhus, 607L 
Moridae, 607L 
Moringuidae, 604 R 
Mortnoops, 63 1 R 
Mormosaurus, 623L 
Mormyridae, 604L 
Mormyriformes, 116 
Mormyroidei, 604L 
Mormyrus, 116 
Morons , 609L 
Moropus, 533, 644R 
Morosanrus , 62 1R 
Morphippus, 646R 
Morphocline, 5 
Morrilha, 646L 
Mor«s, 626R 
Mosasauridae, 232—234, 
618L 

Mosasaurus, 618L 
Moschidae, 641 R 
Moscboedestes, 645 R 
Moschognatbus, 623L 
Moschoides , 623 L 
Moschops, 372, 623L 
Moschorhinidae, 623R 
Moscborhinus , 623R 
Moschosaurus, 623 L 
Moschowhaitsia, 623R 
Moschus, 64 1R 
Mouillacitherium , 63 9R 
Mound builders, 350 
Mountain beaver, 491 
Mountain goat, 520 
Mountain sheep, 520 
Mourasucbus , 620R 
Mousebirds, 351 
Moxostoma, 606L 
Moyacantbus, 598L 
Moytbomasia, 90, 92, 98, 
601R 

Moythomasina, 598L 
Mrazecia, 606R 
Muchocepbalus , 613L 
Mucous membrane denticles, 
600L 

Mucrotherium, 624 L 
Mudminnows, 119 
Mugil, 610L 
Mugilidae, 609R 
Mugiloidei, 610L 


Mugiloididae, 610L 
Mullidae, 609R 
Mullus , 609R 
Multidentodus, 600L 
Multituberculata, 414, 

417-420, 455, 627L 
Mungos, 63 3 R 
Muntiacus , 642L 
Muraena, 604R 
Muraenesocidae, 604R 
Muraenesox , 604R 
Muraenidae, 604R 
Muraenolepididae, 607L 
Muraenolepidoidei, 607L 
Muraenosaurus, 247, 6191. 
Muridae, 492, 637R 
Murmur, 597R 
Muroidea, 492, 63 7L 
Murpbelapbus, 642R 
Mus, 637R 
Muscardinus, 636R 
Muscle stretch receptors, 198 
Muscles, properties of, 584. 
See also names of 
individual muscles 
Musk oxen, 520 
Musophaga, 624R 
Musophagidae, 624R 
Musperia, 604L 
Mussaurus, 61 1R 
Mustela, 634L 
Mustelavus, 634R 
Mustelictis, 634R 
Mustelidae, 480—482, 484, 
485, 599 L, 634L 
Mustelus, 599L 
Muttaburrasaurus , 622L 
Mycterosaurus, 622R 
Mycterosuchus, 620L 
Myctophidae, 122, 606R 
Myctophiformes, 121, 122, 
606R 

Myctopbum, 606R, 607L 
Myctosucbus, 6231. 
Myersichthys, 610L 
Mygale, 630R 
Mygalea, 630R 
Mygalesaurus, 624 L 
Mygalinia, 630R 
Mygatalpa, 630R 
Mylacanthus, 612L 
Mylacodus, 600R 
Mylagaulidae, 491, 636L 
Mylagaulodon, 636L 
Mylagaulus, 636L 
Mylax, 600R 
Myledaphus, 601L 
Myliobatidae, 600L 
Myliobatis, 600L 
Myliobatoidea, 78, 600L 
Mylocbeilus , 606L 
Mylocyprinus, 606L 
Mylodon, 648L 
Mylodontidae, 648L 
Mylodontoidea, 557, 648L 
Mylognatbus, 60 1L 
Mylohyus, 640R 
Mylomygale, 630L 
Mylomyrus, 604R 
Mylopharodon, 606L 
Mylopharyngodon, 606L 
Mylopteraspidella, 595 R 
Mylopteraspis , 595R 
Mylostoma, 597R 
Mylostomatidae, 597R 


Myobradypterygius, 622 R 
Myocastor , 63 8R 
Myocepbalus, 615L 
Myocricetodon, 637L 
My odes, 63 7L 
Myodome, 103 
Myogale, 630R 
Myoglis, 636R 
Myognathus , 615L 
Myohyrax, 486, 630L 
Myomimus, 636R 
Myomorpha, 492, 636R 
Myomorphous, 490 
Myophiomyidae, 63 8R 
Myophiomys, 638R 
Myopotamus, 63 8 R 
Myopterygius, 622R 
Myorycteropus, 547, 646R 
Myosauroides, 623 R 
Myosaurus, 623 R 
Myosorex, 63 1L 
Myospalax, 63 7L 
Myotis, 463, 464, 632L 
Myotomes, 17, 38 
Myotomys, 637R 
Myotragus, 642R 
Myoxidae, 636L 
Myoxocephalus, 609L 
Myoxus, 636R 
Myriacanthidae, 600R 
Myriacanthoidei, 79, 600R 
Myriacanthus , 79, 600R 
Myriolepis, 603 L 
Myripristis, 599R, 608L 
Myrmecobiidae, 436, 628R 
Myrmecobius, 436, 628R 
Myrmecoboides, 630L 
Myrmecopbaga, 555, 559, 
648L 

Myrmecophagidae, 559, 648L 
Myrocongridae, 604R 
Myronomys, 635R 
My sops, 635R 
Mysticeti, 523-527, 644L 
Mystidae, 606L 
Mystipterus, 630R 
Mystriophis, 604R 
Mystriosaurus, 620L 
Mystriosucbus, 619R 
Mystromys, 637L 
Mystus, 606L 
Mytonolagus , 63 9L 
Mytonomeryx, 640L 
Myxinidae, 596R 
Myxiniformes, 596R 
Myxinoidea, 41, 42 
Myxomygale, 630R 
Myzopoda, 63 1R 
Myzopodidae, 63 1R 

Naemorhaedus, 642R 
Nahanniaspis, 595R 
Naja, 61 8R 
Nakunodon, 627R 
Namaichthys, 602L 
Namatomys, 63 6R 
Nambaroo, 629L 
Namilamadeta , 629L 
Nanchangosaurus, 254, 622R 
Nandidae, 610L 
Nanhsiungchelys, 616R 
Nanicticephalus, 624L 
Nanictops, 623R 
Nanictosuchus, 624L 
Nanisocetus, 644L 


Nanlingilambda, 63 1L 
Nanmppus, 644R 
Nannocavia, 63 8 R 
Nannocetus, 644L 
Nannolepis, 602R 
Nannolithax, 644L 
Nannornepbitis , 634R 
Nannopithex, 632R 
Nannopterygius, 622R 
Nannospondylus, 612R 
Nannosuchus, 620L 
Nanochoerus, 640L 
Nanocynodon, 624L 
Nanodelphys, 62 8 L 
Nanomeryx, 63 9R 
Nanomilleretta, 615R 
Nanoparia, 615L 
Nanosaurus, 622L 
Nanotragulus, 64 1R 
Nanpanaspidae, 596L 
Nanpanaspis, 596L 
Naosaurus, 622R 
Napaeozapus, 6 37L 
Napodonictis , 628L 
Naranius, 630R 
Narcine, 599R 
Narcobatus , 599R 
Narcopterus, 599R 
Narkidae, 599R 
Narwhales, 525 
Naseus, 61 OR 
Nasira, 628R 
Naso, 61 OR 

Nasohypophyscal cavity, 38 
Nasohypophyseal duct, 27, 39 
Nasohypophyseal opening, 35, 
36,38 

Nasolacrimal duct, 142, 165 
Nasua, 634R 
Natlandia, 605R 
Natlaspis, 596L 
Natrix, 618R 
Nautilornis, 626R 
Navahoceros, 642L 
Navjajosuchus, 620R 
Navajovius, 632L 
Navicular, 410 
Neanderthals, 476 
Neanis, 625L 
Nearctylodon, 6241. 
Neavichthys, 602R 
Nebraskomys, 637L 
Nebraskophis, 618R 
Necrodasypus, 617R 
Necrolemur, 468, 632R 
Necrolestes, 461, 628R 
Necrolestidae, 628R 
Necromanis, 648L 
Necromantis, 63 1R 
Necromys, 63 7L 
Necrornis, 625L 
Necrosauridae, 232, 618L 
Necrosaurus, 618L 
Necrosorex, 630L 
Necrosuchus, 620R 
Nectaspis, 37, 596L 
Nectoportheus, 618L 
Nectridea, 177—179, 614L 
Necturus, 614L 
Neenchelyidae, 604R 
Negaprion, 599L 
Nekrolagus , 639L 
Neldasaurus, 169, 61 2R 
Nemacantbus , 598R 
Nemacheilus, 606L 
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Nematacanthus, 598R 
Nematbenum , 648L 
Ncmatognathi, 606 
Nematonotus, 122, 124, 607L 
Nematoptychius, 602L 
Nemegtbaatar, 627R 
Nemegtosaurus , 62 1 R 
N ementchamys, 63 8 L 
Nemichthyidae, 604R 
Nemicbtbys, 604R 
Nemipteridae, 609R 
Nemolestes, 628 L 
Nemopteryx , 607L 
Neoaetosauroides, 273, 619R 
Neoancbimys , 638R 
Neobalacnidac, 525 
Neobytbites , 607R 
Ncocatbartes , 625R 
Neocavia , 63 8 R 
Neoceradidae, 607L 
Neoceratodus, 150-152, 612L 
Neocbelys , 615R 
Neocboerus, 63 8 R 
Neoclaetiodoti , 639R 
Neococcyx, 625L 
Neocometes, 637R 
Neoctenacodon, 627R 
Neocybium , 61 OR 
Neocytiodesmus, 634R 
Neodiacodexis, 640L 
Neoduyunaspis, 596L 
Neofelis, 633 R 
Neofiber, 637R 
Neogaeornts, 624R 
Neognathae, 624R 
Neognathous palate, 347 
Neohalecopsis, 605 L 
Neohelos , 629L 
Neobipparion, 644R 
Neohippus, 644L 
Neohyaenodon , 633L 
Neoliotomus, 627R 
Neoniatronella, 630R 
Neomegacy clops, 623 R 
Neomeryx, 642L 
Neomylodon, 648L 
Neomys, 63 1L 
Neonatrix, 618R 
Neondatra, 637R 
Neonematherium, 648L 
Neoparacamelus, 64 1L 
Neopetalicbthys, 597R 
Neopblyctaenius, 597L 
Neophrontops, 6251. 
Neopitbecus, 633L 
Neoplagiaulacidae, 627L 
Neoplagiaulax, 627R 
Neoprocavia, 63 8 R 
Neoprocolopbon, 615L 
Neopropithecus , 632R 
Neopteroplax, 613R 
Neopterygii, 90, 102-132, 
603L 

Neopythites, 6071. 

Neoreomys, 638R 
Neorbombolepis, 603R 
Neornitlies, 342, 624R 
Neosaitniri, 632R 
Neosaurus , 622R 
Neosciuromys, 6381. 
Neoscopelidae, 122, 607L 
Neoselachi, 74—78 
Neosqualodon, 643R 
Neosteirornys , 639L 
Neostethidae, 607R 


Neotamandua, 648L 
Neotamias, 636L 
Neoteleosts, 120-132 
Neoteny, 20, 172, 176, 347, 
349 

Neotherium, 483, 635L 
Neothoracopborus, 647R 
Neotoma, 63 7 R 
Neotragocerus, 642R 
Nepbacodus , 639R 
Nepbrotus, 602R 
Nerodia, 618R 
Nerterogeomys, 636R 
Nervous system, 17, 19 
Nesides, 612L 
Nesiotites, 63 1L 
Nesodactylus, 620R 
Nesodoti, 646R 
Nesodonopsis, 646R 
Nesohippus, 646R 
Nesokia, 637R 
Nesotrocbis, 626L 
Nessariostoma, 597R 
Nessorhamphidae, 604R 
Nestoritberium, 644R 
Nettastoma, 604R 
Nettastomaddae, 604R 
Nettosuchus, 620R 
Neural crest cells, 21, 22, 45, 
46 

Neurankylidae, 615R 
Neurankylus, 615R 
Neurogymnurus , 630R 
Neurotrichus, 630R 
Neuryurus, 647R 
Neusibatracbus, 614R 
Neusticosaurus, 200, 244, 
619L 

Neustosaurus, 620L 
New World and European 
Marsupials, 628L 
New World porcupine, 493 
New World vultures, 355 
Newtonella, 623 R 
Ngapakaldia, 439, 629L 
Nicoria, 616L 
Nicrosaurus, 61 9R 
Nielsenia, 612L 
N ievella, 63 6R 
N igenum, 606L 
Nigeropheidae, 618R 
Nigerophis, 235, 61 8R 
Nightjars, 35 1 
Niglarodon, 635 R 
Nikolivia, 596L 
Nikoliviidae, 596L 
Nimravidae, 482, 483 
Nimravides, 634L 
Nimravinus, 634L 
Nimraviscus, 633R 
Nimravus, 634L 
Niobrara, 604L 
Niolamia, 615R 
Niphon, 609L 
Niphredil, 6301. 
Nipponanthropus, 633L 
Nipponicervus, 641 R 
Nipponosaurus , 6221. 
Niptonomys, 632L 
Nisidorcas, 642R 
Nitosaurus, 623R 
Noasaurus, 62 1R 
Nocbelesaurus, 61 5L 
Nocotnis, 606L 
Nodacosta, 60 1R 


Nodonchus, 601 R 
Nodosauridae, 214, 622L 
Nodosaurus, 622L 
Nomeidae, 61 1L 
Nonomys , 636R 
Nopacbtus, 647R 
Nopterus, 604L 
Noripterus, 620R 
Normanichthvidae, 609L 
Nostolepis, 60 1L 
Notacanthidae, 117, 605L 
Notacanthiformes, 605L 
Notacmon, 602L 
Notaelurops, 623R 
Notaeus, 603 R 
Notagogus, 603R 
N otamynus, 647L 
Notarium, 333, 337 
Notelopidae, 604R 
Notelops, 604R 
Notemigonus, 606L 
Noteosaurus , 615R 
Notharctus, 468, 632L 
N othocyon, 634R 
Nothodectes, 632L 
Notbokemas, 641L 
Notboprocta, 624R 
Nothosauria, 243-247, 583, 
584, 6191. 

Nothosauridae, 619L 
Nothosaurs, 200 
Notbosaurus, 584, 619L 
Notbosomus, 604L 
Nothotylopus, 641L 
Notbrotheriops, 648L 
Nothrotberium, 555, 558, 

648 L 

Notbura, 624R 
Notictis, 628 L 
Notictosaurus, 624L 
Noddanidae, 599R 
Notidanodon , 599R 
Notidanus, 599R 
Notiocetus, 644L 
Notiomastodon, 645 R 
Notiosaurus, 618L 
Notiosorex, 63 1L 
Notobatracbus , 614R 
Notobrachyops, 613L 
Notoceratops, 622L 
Notochampsa, 270, 272, 281, 
620L 

Notochoerus, 640L 
Notochord, 17 
Notocricetodon, 637R 
Notoctonus, 628R 
Notocynus, 628L 
Notodelpbys, 628L 
Notodiaphorus, 647L 
Notogale, 628L 
Notogogus, 628L 
Notogoneus, 605R 
Notograptidae, 610L 
Notohipparion, 644R 
Notohippidae, 646R 
Notohippus, 646R 
Notolagus, 639L 
Notomeryx, 64 1R 
Notonycteris, 63 1R 
Notopetalicbtbys, 596R 
Notophthalmus, 614R 
Notopithecus , 552, 646R 
Notoprogonia, 550, 639R, 
646R 

Notopteridae, 604L 


Notopteroidei, 604L 
Notoryctes, 439, 461, 628R 
Notorycddae, 628 R 
Notoryncbus, 77, 599R 
Notosaurus, 615R 
N otosmilus, 628 R 
Notosollasia, 623R 
Notostylopidae, 550, 646R 
Notostylops, 550, 551, 646R 
Notosuchidae, 620L 
Notosuchus , 620L 
Notosudidae, 606R 
Notosyodon, 623 L 
Nototbenia, 610L 
Notothcniidae, 610L 
Notothenoidei, 6101. 
Nototherium, 629L 
Notoungulata, 449, 549-553, 
646 R 

Notropis, 606L 
Novumbra, 605L 
Nuchal gap, 51, 52 
Nucleornis, 627L 
Numbats, 436 
Numididae, 6251. 
Nummopalatus, 610L 
Nurse shark, 76 
Nyanzachoerus, 513, 640L 
Nyctalus, 6321. 

Nyctanassa, 626L 
Ny cter elites , 634R 
Ny cterobius, 632L 
Nycteroleter, 613R 
Nycteroleteridae, 613R 
Nyctiboetus , 613R 
Nycticems, 632 L 
Nycticonodon, 63 1L 
Nycticorax, 626L 
Nyctinomus, 63 2L 
Nyctiphrureddae, 615L 
Nyctipbruretus, 6151, 
Nycdsauna, 617L 
Nycdtheriidae, 462, 463, 464, 
63 1L 

Nyctitherium, 63 1L 
Nyctodactylus, 62 1L 
Nyctopbus, 607L 
Nyctosaurus, 337, 62 1L 
Nynsiidae, 607R 
Nythosaurus, 624L 

Obdurodon, 420, 627L 
Oblitavis, 625 R 
Obrucbevia, 595R 
Obruchevicbtbys , 61 1R 
Obturator internus, 385 
Obturator process, 305, 309 
Obtuse angle symmetrodonts, 
427 

Obtusudon, 648 L 
Ocadia, 616L 
Ocajila, 630R 
Occidentals , 62 1L 
Occipital condvle, 167, 195, 
382 

Occitaniavis, 625 R 
Occitanomys, 637R 
Occitbrissops, 604L 
Oceanites, 626R 
Oceaniddae, 356, 626R 
Oceanodroma, 626R 
Ochlodus, 598R 
Ocbotona, 488, 639L 
Ochotonidae, 488, 639L 
Ocbotonoides, 639L 
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Ochotonolagus, 6391. 
Ochrotomys, 637R 
Ocnerotherium, 646R 
Octacodon , 640R 
Octinaspis , 598R 
Octodontidae, 495, 63 8 R 
Octodontoidea, 495, 638R 
Octodontotherium , 648 L 
Octomylodon, 648L 
Octotomus , 63 1R 
Ocystias , 61 OR 
Odacidae, 610L 
Odaxosaurus, 617R 
Odenwaldia, 613L 
Odobenidac, 483, 484, 635L 
Odobenns , 635 L 
Odocoilcus, 642L 
Odontaspidae, 599L 
Odontaspis , 599L 
Odonterpeton , 614L 
Odonterpetontidae, 6141. 
Odonteus, 610L 
Odontoblast, 22 
Odontoceti, 523—526, 643R 
Odontocyclops, 623 R 
Odontode, 22 
Odontododus , 596L 
Odontogadus, 607L 
Odontognathae, 624R 
Odontomophis, 61 SL 
Odontopterygia, 626R 
Odontopteryx, 626R 
Odontorbyncbus, 620R 
Oedaleops, 622 R 
Oedolithax, 644L 
Oedolus, 63 1L 
Oervigia , 612L 
O eselaspis, 596L 
Oestophorus, 597R 
Ogallalabatracbus , 614R 
Ogcocephalidae, 607L 
Ogmodontomys, 63 7R 
Ogmophis , 61 8R 
Ogygoptyngidae, 6251. 
Ogygoptynx, 351, 625L 
Obioaspis, 597R 
Ohiodorulites, 596R 
Obiolepis, 600L 
Ohmdenia, 602L 
Oil bird, 351 
O ioceros, 642R 
Okapia, 519 
Olbiaspis , 5.95R 
Old World porcupines, 493 
Oldfieldthomasia, 646R 
Oldfieldthomasiidae, 646R 
Oldobotes, 630L 
Olenopsis, 63 8 R 
Oligobelus, 606L 
Oligobiotherium, 628 L 
Oligobunis, 634L 
Oligodelphis , 643 R 
Oligodiodon , 61 1R 
Oligodontosauridae, 234, 
617R 

Oligodontosaurus , 617R 
Oligodromys , 636R 
Oligokyphus, 391, 409, 624L 
OHgolycus , 619L 
Oligopetes , 635R 
Oligopithecus, 633L 
Oligoplarchus, 609L 
Oligoplcuridac, 6041. 
Oligopleurus, 604L 
Oligoplites , 609R 


Oligosaurus, 622L 
Oligoscalops, 63 OR 
Oligosema , 614R 
Oligosemia, 614R 
Oligosorex, 63 1L 
Olonbulukia, 642R 
Oltinomys, 6381. 

Olyridae, 606L 
Omalopleurus, 603 L 
Omeisaurus, 621 R 
Ommatolampes, 611L 
Omniodon, 607L 
Omoiotyphlops , 6 I7R 
Omoloxodon, 646L 
Omomyidae, 468, 470, 471, 
632R 

Omomys, 632R 
Omorhamphus, 626L 
Omusaurus, 622L 
Omosoma, 128, 608L 
Omosudidae, 606R 
Ompax , 612L 
Omphalodus, 602R 
Omphalosauridae, 622R 
Omphalosanrus, 253, 622 R 
Onactornis, 625 R 
Onager, 6441. 

Onchiodon, 612R 
Onchopristis, 599R 
Oncbosaurus, 599R 
Onchoselache, 73, 598L 
Ortchus, 60 1R 
Oncobatis, 599 R 
Oncochetos , 605 L 
Oncolepis, 610L 
Oncorhyncbus, 605 R 
Ondatra, 637R 
Oneirodidae, 6071. 
Oniscolepis, 596L 
Onobrostnius, 6071. 
Onohippidium, 644 R 
Ontocetus, 644L 
Ontogeny. See also 

Development, 9 
Onychodectes, 456, 63 1R 
Onychodontidae, 61 1R 
Onychodontiformes, 61 1R 
Onychodus , 146-147, 61 1R 
Onychogale, 6291. 
Onychomys, 637R 
Onychosaurus, 622 L 
Onycboselacbe, 73, 598L 
Onychotherium , 647R 
Oodectes, 63 3 R 
Opah, 127 
Opeosaurus, 6191. 
Opercballosteus, 597L 
Opercular fenestra, 184 
Opercularis muscle, 182 
Operculum (ear ossicle), 181, 
184 

Operculum-opercularis system, 
184 

Opetiosaurus, 232— 233, 618L 
Ophiacodon, 194, 363, 365, 
367, 383, 622 R 
Ophiacodontidae, 365, 622R 
Ophichthidae, 604 R 
Ophichthus , 604R 
Ophiderpeton, 177, 613R 
Ophiderpetontidae, 176, 613R 
Ophidia, 234-238 
Ophidiidae, 607R 
Ophidiiformes, 607R 
Ophidion , 607R 


Ophidium, 607R, 618R 
Ophiodeirus , 616R 
Ophiomorphus, 236 
Ophiosis, 603 R 
Ophipsendopns, 6 1 7R 
Ophirachis , 603 R 
Ophisauriscus, 617R 
Ophisaurus, 231, 617R 
Ophthalmosaurus, 252, 255, 
256, 258, 582, 622R 
Opisthias, 616R 
Opisthocoelocandia, 302, 
621R 

Opisthocomidae, 350, 624R 
Opisthocomus, 350 
Opisthodactylidae, 624R 
Opisthodactylns, 624R 
Opisthognathidae, 610L 
Opistbomyzon , 609R 
Opisthonenia , 605 L 
Opisthoproctidae, 605L 
Opistbopsalis, 63 1L 
Opisthotic, 195 
Opisthotriton , 177, 614R 
Opistopteryx, 607L 
Oplegnathidac, 610L 
Oplegnatbus, 610L 
Oplosaurus, 621 R 
Oplurus, 617L 
Opossum, 409 
Opossum, 628L 
Opsiceros, 645 R 
Opsigonus, 6041. 

Oracanthus, 596R, 60 1L 
Orangiatbenum, 642L 
Orasius, 642L, 642R 
Orbitosphcnoid, 403, 404 
Orchiomys, 63 8 R 
Orchonoceros, 642R 
Orcinus, 643R 
Orcynus, 61 OR 
Ordolagus, 639L 
Ordosiodon, 624L 
Oreamnos, 642R 
Oreaspis, 595 R 
Orectolobidae, 76, 77, 598R 
Orectoloboidae, 598R 
Orectoloboidea, 598R 
Orectoloboides, 59 8 R 
Obenburgia, 615L 
Oreocyon, 63 3 L 
Oreodon, 513, 640R 
Oreodontidae, 640R 
Oreodontoides, 64 1L 
Oreolagus, 63 9L 
Oreomylodon, 6481. 
Oreonager, 642R 
Oreonetes, 64 1L 
Orcopithccidae, 632R 
Oreopitbecus, 472, 632R 
Oreosaurus, 617R 
Oreosomidac, 608L 
Oreotragus, 642R 
Orestiacanthus, 598L 
Oriadubitherium , 646R 
Orientalomys, 637R 
Ornategulum, 118 
Ornatotholus, 622L 
Ornimegalonyx, 625L 
Ormthischia, 302-314, 62 1R 
Ornithischian pelvis, 289, 305 
Ornithocephalus, 620R 
Omithocheiridae, 620R 
Ornithocheirus, 62 1 L 
Ornithodesmus , 621 L 


Ornitholestes, 291, 292, 340, 
621L 

Ornithomimidae, 292, 293, 
62 1L 

Ornithomimoides, 62 1R 
Ornithomimus , 62 1L 
Ornithopoda, 309, 621R 
Ornitboprion, 69—70, 598L 
Ornithopsis, 621 R 
Ornithorhynchidac, 627L 
Ornithorbynchus , 418, 420, 
421, 627L 

Ornithosuchia, 619R 
Ornithosuchidae, 275, 276, 
619R 

Ornithosuchus, 270, 272, 
275, 276, 619R 
Ornoryctes, 628R 
Oroacrodon, 647L 
Orodontida, 70, 71, 598L 
Orodontidae, 598 L 
Orodus, 67, 71, 598L 
Orohippus, 534, 535, 644R 
Oroklambda, 63 1R 
Oromerycidae, 516, 64 1L 
Oromeryx, 641 L 
Oropbodon, 648L 
Ortbacanthus, 598R 
Orthacodontidae, 599L 
Ortbacodus, 598R, 599L 
Orthagoriscus, 61 1R 
Ortbaspidotherium, 639R 
Ortbaspis, 595R 
Ortbocormus, 603 R 
Ortbodolops, 628 R 
Orthodon, 606L 
Orthogenysucbus, 620R 
Orthogoniosaurus, 62 1L 
Ortbogonoceros, 642L 
Ortbomerus, 622L 
Ortbomyctera, 63 8 R 
Orthopbyia, 614L 
Ortbopleurodus, 600R 
Orthopristis, 609R 
Ortbosaurus, 620R 
Orthosuchus, 270, 281, 620L 
Orthutaetus, 647R 
Ortburus, 603L, 603R 
Orthybodus, 598R 
Orvikuina, 601 R 
Orycterocetus, 644L 
Orycteropodidae, 646R 
Orycteropus , 545—547, 646R 
Oryctolagus, 639L 
Orygotherium, 64 1R, 642R 
Oryx, 642 R 
Oryziatidae, 607R 
Oryzomys, 63 7R 
Osbornoceros, 642L 
Oscaecilia , 1 83 
Osmeridae, 119, 605R 
Osmeroidei, 605 R 
Osmeroides , 117, 604R 
Osmeroididae, 604R 
Osmerus, 605R 
Osmotherium, 634L 
Osorioichthys, 60 1R 
Osphranter , 629L 
Osphronemidae, 61 1L 
Osphronernus, 61 1L 
Ospia, 603 R 
Osprey, 350 

Ossified tendons, 303, 304, 
332 

Ostariophysi, 119, 120, 605R 
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Ostariostoma , 605 L 
Osteichthyes, 89-154, 

601R-612L 
Osteoblast, 22 
Osteoborus , 634 R 
Osteocbilus, 606L 
Osteocytes, 22 
Osteoderms, 231, 313 
Osteodontornis , 626R 
Osteogeneiosus, 606L 
Osteoglossidae, 604L 
Osteoglossiformes, 116, 604L 
Osteoglossoidei, 604L 
Osteoglossomorpha, 115, 116, 

604L 

Osteolaemus, 283, 620R 
Osteroglossum, 116 
Osteolepidae, 6 11 R 
Osteolepidoidea, 61 1R 
Osteolepiformes, 140, 146, 

158, 61 1R 

Osteolepis, 140, 143—145, 

159, 160, 166, 61 1R 
Osteophorus, 612R 
Osteoplax , 612L 
Osteopleurus, 612L 
Osteopygis, 616L 
Osteoracbis, 603 R 
Osteostraci, 35-38, 41, 596L 
Ostinaspis, 598R, 600L 
Ostodolepididae, 614L 
Ostodolepis, 614L 
Ostracanthus, 600R 
Ostraciidae, 611L 
Ostraciodontidae, 130, 611 L 
Ostraeoderms, 26-39 
Ostrich dinosaurs, 292 
Ostriches, 347-349 
Otariidae, 484, 635L 
Otarioidea, 483, 484, 635L 
Otbneilmarshia, 646R 
Othnielia, 622L 

Otic notch, 167, 172, 199, 

203, 209, 243 
Otic-occipital element of 

braincase, 141 
Otididae, 354, 626L 
Otionohyus , 64 1L 
Otis, 626L 
Otocyon, 634R 
Otodus, 599L 
Otolitbes, 609R 
Otoliths, 21, 127 
Otomitla, 603 R 
Otomys , 63 7R 
Ototriton, 617R 
Otronia, 646R 
Otsheria, 373, 623L 
Ottoceros , 642L 
Ottonosteus, 597R 
Otus, 625L 
Oudenodort, 623R 
Oudenodontidae, 623 R 
Ouranosaurus , 308, 622L 
Ourayia , 63 2R 
Overtonaspis, 597R 
Ovibos, 642R 
Oviraptor, 62 1L 
Oviraptoridae, 62 1L 
Ovis, 642R 
Ovoides, 61 1R 
Qwenetta , 615L 
Owenia, 629L 
Oweniasucbus, 620L 
Owlet-frogmouth, 351 


Owls, 351 
Owstonia, 610L 
Owstoniidae, 610L 
Oxacron , 641 L 
Oxyacodon, 639R 
Oxyaena, 479, 633L 
Oxyaenidae, 478, 479, 633L 
Oxyaenodon, 633L 
Oxyaenoides, 633 L 
Oxybunotberium , 639R 
Oxyclaenidae, 639R 
Oxyclaeninae, 503, 507, 509 
Oxyclaenus, 639R 
Oxydactylus , 64 1L 
Oxygnatbus, 602L 
Oxygompkius, 628 L 
Oxygoniolepidus , 607R 
O xynotus, 599R 
Oxyodon, 622 R 
Oxyosteus, 597L 
Oxyprimus , 639R 
Oxypristis, 599R 
Oxypteriscus, 603 L 
Oxyrhina, 599L 
Oxytomodus , 600R 
Ozotoceras, 642L 
Ozymandias , 610R 

P achy acanthus, 643 R 
Packyaena, 643 L 
Pacbybiotberium , 628 L 
Pachycephalosauria, 31 1, 

622L 

Pachycephalosauridae, 622L 
Pachycephalosaurus , 533, 
622L 

Pacbyceros, 642R 
Pacbycetus , 643 R 
Pachycormidae, 110, 603R 
Pachycormiformes, 603 R 
Pachycormus , 106, 110, 603R 
Pachycrocuta, 63 3 R 
Pachycynodon, 483, 634R 
Pachydyptes, 627L 
Pachygaster, 609L 
Pachygazella, 642R 
Pachygenelus , 391, 624L 
Pacbygonia, 613L 
Pachybyrax , 646L 
Pachylebias, 607R 
Pacbylepis , 603 R 
Pachymylus, 601 L 
Pacbynolophus, 644R 
Pachyophis, 618R 
Pachyomis, 624R 
Pachyosteidae, 597R 
Pachyosteomorph, 49, 52 
Pachyosteus, 597R 
Pachyostosis, 206, 224, 236, 
244, 372, 543 
Pachypleura, 619L 
Pachypleurosauridae, 
243-245, 619L 
Pachypleurosaurus , 243, 244, 
247, 584, 619L 
Pachyportax, 642R 
Pachyptila, 626R 
Pacbyrbacbis, 236, 237 
Pachyrhinos, 623R 
Pachyrhinosaurus, 622R 
Pachyrhizodontidae, 604R 
Pachyrhizodontoidei, 604R 
Pacbyrbizodus , 604R 
Pachyrhyncbus, 616L 
Pachyrucos , 647L 


Pachyrukhos, 551, 647L 
Pachysauriscus, 62 1R 
Pachysaurus , 62 1R 
Pachysiagon , 6291, 
Pacbystetus, 607R 
Pacbystropbeus , 616R 
Pachystrutbio, 624R 
Pacbytegos, 623 L 
Pacbytbrissops, 604R 
Pacbytitan, 644R 
Pachytragus, 642R 
Pachyura, 63 1L 
Pachyvanarus , 61 8L 
Pachyzedys, 647R 
Paciculus, 637R 
Pacing, 514 
Pacynasua, 63 5 R 
Paddlefish, 100 
Padiochelys , 616L 
Paedotberium, 647L 
Paenelimnoecus, 63 1L 
P aenemarmota, 636L 
Paertoxyaenoides , 63 3 L 
Paenungulata, 629R 
Pageauaspis, 5971. 

Pagellus, 609R 
Paginula, 646R 
Pagonomus , 630L 
Pagrosomus , 609R 
Pagrus, 609R 
Paidopithex, 633L 
Paired fins: 
of acanthodians, 85 
of Chondrichthyes, 66 
origin of, 36 
of osteostracans, 36 
of palaeoniscoids, 90 
of rhipidistians, 145, 146 
of spiny teleosts, 123 
Pairomys, 639 L 
Pakicetus, 522, 523, 643L 
Pakilestes, 648L 
Pakotitanops, 644R 
Palacrodon, 616R 
Palaeacanthaspidae, 596R 
Palaeacanthaspidoidei, 55 
Palaeacanthaspis, 596R 
Palaeacodon, 632R 
Palaeagama, 229, 617L 
Palaeanodon , 648 L 
Palaeanodonta, 554, 

560-562, 563, 648 L 
Palaeanthropus, 633L 
Palaearctomys, 63 6L 
Palaearctonyx , 63 3 R 
Palaeaspis, 595R, 615R 
Palaebalistum, 603 R 
Palaechthon , 467, 632L 
Palaedapbus, 612L 
Palaeictops, 63 0L 
Palaelodus , 626L 
Palaemeles, 634L 
Palaeoamasia, 646L 
Palaeobalistes, 603 R 
Palaeobates, 598 R 
Palaeobathygadus, 607R 
Palaeobatis, 60 1L 
Palaeobatrachidae, 185, 614R 
Palaeobatracbus, 614R 
Palaeobergeria, 603 L 
Palaeobrosmius, 607L 
Palaeocarcbarias , 598R 
Palaeocarcbarodon, 599L 
Palaeocardia, 63 9 L 
Palaeocastor, 636L 


Palaeocavia , 638R 
Palaeocentrotus , 608 L 
Palaeocetus , 644L 
Palaeocbamaeleo, 616R 
Palaeocbelys, 615R 
Palaeochenoides, 626R 
Palaeochiropteryx, 63 1R 
Palaeochiropterygidae, 63 1R 
Palaeocboerus , 640L, 640R 
Palaeocbromis , 610L 
Palaeocicomia, 625 R 
Palaeoclupea, 604 R 
Palaeocorax, 599L 
Palaeocricetus, 63 7R 
Palaeocrossorhinus, 598R 
Palaeocryptonyx, 625 L 
Palaeocyoti , 634R 
Palaeodasybatis, 600L 
Palaeodoedtcurus, 647 R 
Palaeodonta, 510, 639R 
Palaeoephippiorhynchus , 
626R 

Palaeogadus , 607L 
Palaeogale , 634L 
Palaeognathae, 624R 
Palaeognathous palate, 347 
Palaeogramides, 626L 
Palaeogrus, 625 R 
Palaeobatteria, 622 R 
Palaeoherpeton, 174, 613R 
Palaeobierax, 625L 
Palaeohoplopborus, 647R 
Palaeobydrochoerus, 638R 
Palaeohyopsodontus , 642R 
Palaeobypotodus, 599L 
Palaeolacerta , 617L 
Palaeolagus, 488, 489, 639L 
Palaeolama , 641 L 
Palaeolemur, 632L 
Palaeoloxodon, 646L 
Palaeolycus , 606R 
Palaeomalpolon , 618R 
Palaeomastodon, 538, 645R, 
646L 

Palaeomedusa , 616L 
Palaeomerycidae, 519, 641 R 
Palaeomeryx , 64 1R 
Palaeomolgophis, 614L 
Palaeomolva , 607R 
Palaeomylus , 596R 
Palaeomyrmedon, 648L 
Palaeomys, 636L 
Palaeonaja, 618R 
Palaeonatrix, 618R 
Palaeondyptes , 627L 
Palaeonictis, 633L 
Palaeoniscidae, 602L 
Palaeonisciformes, 90-98, 
601 R 

Palaeoniscionotus , 602L 
Palaeoniscoidea, 98, 601R 
Palaeoniscum , 602L 
Palaeoniscus , 602L 
Palaeonodonta, 639R 
Palaeonycteris , 63 1R 
Palaeoodocoileus, 642 L 
Palaeoparadoxia, 541, 646L 
Palaeopelargus, 625 L 
Palaeopeltidae, 647R 
Palaeopeltis, 64 7R 
Palaeopetaurus, 629L 
Palaeopbasianus , 625 R 
Palaeophichthys , 612L 
Palaeophidae, 238, 618R 
Palaeopbis, 618R 
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Palaeophoca , 634R 
Palaeophocaena, 643R 
Palaeophyllopora, 63 1R 
Palaeopithicus , 633 L 
Palaeopleurodeles, 61 4R 
Palaeopleurosaurus , 227, 228, 
616R 

Palaeopotorous, 629L 
Palaeopropithecidae, 632R 
Palaeopropithecus , 632R 
Palaeoproteus , 614R 
Palaeopsittacus, 625L 
Palaeoptaurus , 629L 
Palaeoreas, 642 R 
Palaeorhynchidae, 61 1L 
Palaeorhynchus, 61 1L 
Palaeortyx, 625L 
Palaeoryctes, 455, 461, 630R 
Palaeoryctidae, 454, 630R 
Palaeoryx, 642 R 
Palaeosalamandra, 614R 
Palaeosalamandrina, 614R 
Palaeosaniwa, 618L 
Palaeosaurus , 6I8L 
Palaeoscinidae, 625R 
Palaeoscims, 625 R 
Palaeoscinus, 622L 
Palaeosciurus , 636L 
Palaeoscomber, 609 R 
Palaeoscyllium, 599L 
Palaeosinopa, 63 0L 
Palaeosox , 605L 
Palaeospeothos, 634R 
Palaeospheniscus, 627L 
Palaeospbenodon, 622R 
Palaeospinacidae, 598 R 
Palaeospinax, 12-1 A, 598R 
Palaeostruthio, 624R 
Palaeostylops, 552, 646R 
Palaeosula, 626 R 
Palaeosyops , 644R 
Palaeotapeti, 639L 
Palaeotapirus, 645L 
Palaeotaricha, 614R 
Palaeothentes, 434, 628R 
Palaeothentoides, 630L 
Palaeotheriidae, 533, 644R 
Palaeotherium , 533, 534, 
644R 

Palaeothrissum, 602L 
Palaeotbunnus , 61 OR 
Palaeotis, 624R 
Palaeotodus, 625L 
Palaeotoxodon, 646R 
Palaeotragus, 642L 
Palaeotrionyx, 616L 
Palaeotroctes , 605L 
Palaeovaranus, 618L 
Palaeoxantusia, 6I7L 
Palaeoxonodon, 627R 
Palaeozipbius, 643 R 
Palaepanortbus, 628R 
Palasiodon, 639R 
Palatine fenestra, 219 
Palatobaena, 615R 
Palatoquadrate, 46, 49, 62, 
87, 93, 94 
Palemydops , 623R 
Palemys, 615 R 
Palenochtha, 632L 
Paleodahus, 612L 
Paleodenticeps, 605L 
Paleofarancia, 618R 
Paleofelids, 482 
Paleoheterodon, 61 8R 


Paleolox , 605 R 
Pateomoropus, 644R 
Paleoprionodon, 633R 
Paleopsepburus , 603 1, 
Paleopytbon, 61 8R 
Paleorallus, 626L 
Paleorhmus, 619R 
Paleosimia, 63 3 L 
Paleosuchus , 283, 620R 
Paleoteuthis, 595 R 
Paleothyris , 193, 196, 197, 
200, 217, 615L 
Paleotomus, 630L 
Paleotrionyx, 616L 
Paleptesicus , 63 2L 
Paleryx, 618R 
Paleuphractus , 647R 
Palhyaena, 63 3 R 
Paliguana, 227—229, 265, 
617L 

Paliguanidae, 617L 
Palimphemis, 607L 
Palimphyes, 61 OR 
Palinhyaena , 633R 
Palintropus , 626 L 
Pallimnarckus, 620R 
Pallisteria, 620L 
Paloplotherium , 644R 
Palorchestes, 629L 
Palorchestidae, 439, 629L 
Palostralegus, 626L 
Paludavis, 626R 
Paludotona, 639L 
Palyeidodon, 646R 
Pambulaspis, 597R 
Pampatheriinae, 556 /, 

Pampatberium, 647R .. ~ 

Pan, 474 

Panderichth^idatr'tfl 1 R 
Pandericbtys , 140, 166, 61 1R 
Pandion, 625L 
Pandionidae, 350, 625L 
Pangasiidae, 606L 
Pangasius, 606 L 
Pangolins, 450, 554, 559, 562 
Pannonictis , 634L 
Panochthus , 647R 
Panolax, 63 9L 
Panoplosaurus , 622L 
Panotherium, 642L 
Pantelion, 603 L 
Pantelosaurus, 622R 
Panthera , 633 R 
Pantbolops, 642R 
Panthophilus, 606R 
Pantodonta, 457-459, 631L 
Pantodontidae, 63 1L 
Pantolambda , 459, 63 1L 
Pantolambdidae, 631 L 
Pantolambdodon, 63 1R 
Pantolambdodontidae, 63 1R 
Pantolesta, 630L 
Pantolestes, 456, 630L 
Pantolestidae, 456, 562, 630L 
Pantomimus , 630L 
Pantosteus , 606L 
Pantostylops, 646R 
Pantothere, 394 
Pantylidae, 614L 
Pantylus, 164, 179, 614L 
Paoteodon, 615L 
Papio , 632R 
Pappaceras, 645 L 
Pappichthys, 603R 
Pappictidops , 63 3 R 


Pappocetus, 643L 
Papposaurus , 613R 
Pappotherium, 429, 430, 445, 
627R 

Parabatbygenys, 64 1L 
Parabatracbus, 61 1R 
Parabderites, 628R 
Parabelosteus, 597R 
Parabenthosuchus , 6I3L 
Paraberyx, 608L 
Parabison, 642L 
Parablastomeryx , 64 1R 
Parabos, 642R 
Parabrachyodus, 640 R 
Parabradysaurus, 623 L 
Parabreviodon , 645 L 
Parabrontops, 644R 
Parabucbanosteus, 597L 
Paracadurcodon, 645L 
Paracaenopus , 645 R 
Paracalanus, 609R 
Paracamelus, 64 1L 
Paracanthopterygii, 123—126, 
607L 

Paracapsular network, 211 
Paracathartes, 624R 
Paracentrophorus, 603L 
Paracentropbus, 603R 
Paracentropristis, 609L 
Paraceratherium , 645 L 
Paraceratodus, 612L 
Paraceros, 64 1R 
Paracervulus , 642L 
Paracestracion, 598R 
Parachanos, 605R, 61 1L 
Parachelys, 616L 
Parachoerus , 640R 
Paracitellus, 63 5 R 
Paraclupavus, 605L 
Paraclupea, 605L 
Paracochilius, 646R 
Paracoelodus, 646R 
Paracolobus, 632R 
Paracolodon, 645 L 
Paracoluber, 61 8R 
Paracone, 426 
Paracongroides, 604R 
Paraconid, 426 
Paracontogenys, 617R 
Paracosoryx , 642L 
Paracotylops, 64 1L 
Paracra, 625R 
Paracricetodon , 637R 
Paracricetulus , 63 7R 
Par aery ptomys, 638R 
Paractenomys, 638R 
Paractichthys, 607R 
Paractiornis, 626L 
Paractitis, 626L 
Paracyclotosaurus, 173, 613L 
Paracymatodus, 60 1L 
Paracynodon, 635L 
Paracynohyaenodon , 633L 
Paracyon, 628 R 
Paradapedon , 267, 61 9R 
Paradaphoenus, 635L 
Paradelomys, 63 8 L 
Paradelpbomys, 63 8 R 
Paraderms, 618L 
Paradesmatochoerus, 640 R 
Paradiceros, 645 R 
Paradidelphys, 628L 
Paradipoides , 636L 
Paradipsosaurus, 617L 
Paradipterus , 612L 


Paradjidaumo , 636R 
Paradolichopithecus, 632R 
Paradolichotis, 63 8 R 
Paraduyunaspis , 596L 
Paraentelodon, 640L 
Paraeoliscidae, 608 R 
Paraeoliscus, 608 R 
Paraepanorthus , 628R 
Paraepicrates, 61 8R 
Paraethomys , 63 7R 
Paraeuphractus , 647R 
Paraeurynotus, 602L 
Paraeusmilus , 633 R 
Parafibula, 419 
Parafundulus , 607R 
Paragale, 484, 634L 
Paragalerhinus, 623 R 
Paragelocus, 641 R 
Parageogale , 63 1L 
Parageotnys, 636R 
Paragerrhonotus, 617R 
Paraglirulus, 636R 
Paraglyphanodon, 617R 
Paraglyptodon , 647R 
Paraglyptosaurus, 6I7R 
Paragrus, 625 R 
Parabalecula, 605L 
Parahapalops, 648L 
Parabaplolepis, 602L 
Parahelicampodus, 598L 
Parahesperornis, 624R 
Parahippus , 534, 535, 644R 
Parahyaenodon, 628L 
Parabydraspis, 615R 
Parahyus, 640L 
Parailurus, 634R 
Paraisurus, 599L 
Parakennemeyeria, 623 L 
Paralactaga , 636R 
Paralates , 609L 
Paralbula, 604R 
Paralepidae, 606R 
Paralepididae, 606R 
Paralepidosteus, 603L 
Paralepidotus, 603L 
Paralepis, 606R 
Paraleuciscus, 606L 
Paralichelys, 615R, 616L 
Paralichthys , 6 1 1 L 
Paraliosiren, 646L 
Parallelism, 7 
Paralligator, 620L 
Paralligatoridae, 6201. 
Paralophidon, 645L 
Paralutra, 634L 
Paralycoptera , 604L 
Paramacellodidae, 231, 617L 
Paramacellodus, 617L 
Paramachairodus, 634L 
Paramacraucbenia, 647L 
Paramartes, 634L 
Paramblypterus, 602L 
Paramegatberium , 648 L 
Paramerychyus, 64 1L 
Paramerycochoerus , 64 1L 
Pararnerycoidodon , 64 1 L 
Parameryx, 64 1R 
Paramesolepis , 602L 
Paramiatus, 603R 
Paramicrotoscoptes, 637R 
Paraminiochoerus, 641 L 
Paramobula , 600L 
Paramoceros, 642L 
Paramorone, 60 9L 
Paratnphisile , 608 R 
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Paramyidae, 635R 
Paramylostoma, 597R 
Paramynodon , 645L 
Paramys , 490, 491, 635R 
Paranchitberium, 644L 
Paranguilla , 604R 
Paranguillidae, 604R 
Paranictops, 635 R 
Paranogmius , 604L 
Paranomalurus , 638L 
Paranotbosaurus , 584, 619L 
Paranourosorex, 63 1L 
Parantechinus, 628R 
Paranteosanrus, 623L 
Parantbodon, 622L 
Paranthropus, 633L 
Paratiyctoides, 449, 462, 630L 
Faranyroca, 626R 
Paraortygometra, 626 R 
ParaoxybeliSy 6I8R 
Parapalaeobates, 600L 
Parapapto, 632R 
Parapavo, 625L 
Pampedetes, 6381. 
Parapelomys, 63 7R 
Parapeltocoelus , 647R 
Paraperca, 609L 
Parapetalicbtbys, 596R 
Parapbiomys, 63 8 L 
Paraphyletic, 1 1 
Paraphyllopbora, 63 1R 
Paraphyly, 11-13 
Parapithecidae, 471, 63 2 R 
Parapithecoidea, 632R 
Parapitbecus , 471, 632R 
Paraplacodus , 250, 622R 
ParaplagiolophitSy 644R 
Paraplatax, 609R 
Paraplesiobatidae, 49, 58, 
596R 

Paraplesiobatis, 58, 596R 
.ParapleuropboliSy 604L 
Parapliosaccontys, 636R 
Parapodemus, 63 7R 
Parapolymyxia , 608L 
Parapontoparia, 643R 
Paraprionosaurus, 6 1 8 L 
Parapristopoma, 609R 
Parapromerycochoerus , 641 L 
Paraprotoryx, 642R 
Parapseudopus, 617R 
Parapsicephalus, 335, 620R 
Parapsid, 200 
Parapsida, 253 
Paraptenodytes, 627L 
ParapteraspiSy 595R 
ParapternoduSy 63 1L 
Parapterodon, 633L 
Paraptyctodus, 596R 
Parapygaeus, 61 OR 
Pararaja, 600L 
PararalluSy 626L 
Pararctotberium , 635 L 
Pararhincodon, 598R, 599L 
Pararuscbittotnys, 637L 
Pararyctes, 63 OR 
Parasaniwa, 61 8L 
Parasaurolopbus, 309, 622L 
Parasauromalus, 617L 
ParasaitruSy 615L 
Parascalops, 63 OR 
Parascapanodon, 623 L 
Parascopelus, 606 R 
ParascylKdae, 598R 


Parasemionotidae, 108, 109, 
603R 

Parasemionoriformes, 105, 
106, 603R 

Parasemionotus, 108, 603R 
Parasilurus, 606L 
Parasmintbus, 637R 
Parasorex, 630R 
Parasqualodon, 643R 
Parastegodon, 6461. 
Parasteiromys, 63 9L 
Parastenodus, 605 R 
Parastenopsochoems, 64 1L 
Parastrapotherium , 647L 
Parasuchia, 273 
ParasuchuSy 272, 619R 
Parasynarcualidae, 608 R 
Parasynarcualis, 608 R 
ParataetiiSy 647R 
Paratalpi i, 630R 
Paratanuki, 634L 
Paratapirus, 645L 
Paratarrasius, 602R 
Paratarsomys, 637R 
Parataxidea , 634L 
Paratetonius, 632R 
P arathrinaxodon, 6241. 
Parathrissops, 603R 
ParatoceraSy 516, 641R 
Paratracbinotus, 609 R 
Paratragoceros, 643L 
Paratriakis, 599 L 
Paratricuspiodoriy 639R 
Paratrigodon, 646L 
Paratriisodon, 639R 
Paratritemnodon, 633L 
Paratrogon, 6251. 
Paratylopus , 64 1L 
ParaulacoditSy 638L 
Paravanus, 6 1 7R 
Paravaranidae, 617R 
P aravinciguerria, 606R 
Parawalterosteus, 597R 
Paraxipbodon, 641 L 
Paraxonic, 453 
Parazenidae, 608L 
Parbatmya, 604R 
Pardirallus, 626 L 
PardocephaluSy 623 R 
ParectypoduSy 627L, 627R 
Pareiasauria, 205, 376, 6I5L 
Pareiasauridae, 615L 
Pareiasauroidea, 61 5L 
Pareiasaurus , 6151. 
Pareiasuchns, 615L 
ParelepbaSy 646L 
Parendotherium, 627L 
Pareobasis, 605R 
Pareodura, 617L 
Parequula, 609R 
PareumySy 635R 
Parexus, 60 1L 
ParhalmarbipuSy 62 8 R 
Parhapalops, 648 L 
Parhybodus, 598R 
Parictis, 635L 
Parictops, 63 0L 
Pariestegus, 612L 
Parietobalaenay 644L 
Pariostegus, 602L 
Parioticbus, 614L 
Parioxyidae, 612R 
Parioxys, 612R 
Parisectolophus, 645L 


Paris urns, 599 L 
Parksosaurus, 622L 
Parmphractus , 597R 
Parmularius, 642 R 
Paroceras, 63 1R 
Parodaxosaurus, 617R 
Parodontaspis, 599L 
Parodontidae, 605R 
Paroligobunis, 634L 
Paromomyidae, 6321. 
Paramomyoidea, 467, 6321. 
Paromomys, 632L 
Paramyidae, 491, 635R 
Paronycbodon, 62 1L 
Paronycbomys, 637R 
ParoodecteSy 480, 633 R 
Paropus, 647L 
Paroreodon, 64 1L 
ParorthacodnSy 599L 
ParospinuSy 6081. 
ParotosanruSy 61 3L 
P arotosuchus , 613L 
Parovibas, 642R 
Paroxacroti, 64 1L 
Paroxyaena, 633L. 
Paroxyclaenidae, 639R 
ParoxyclaenuSy 639R 
Parrarhizomys, 638L 
Parringtonia, 619R 
Parringtomelhiy 623R 
Parrots, 350 
Parsimony, 7, 8 
Parthanosaurus, 619L 
Parurmiatherium, 642 R 
ParvecbinuSy 630R 
Parvidermay 618L 
Parvitragulus, 64 1R 
Pasaicbthys, 609R 
Pasambaya, 603 L 
Paschatberium, 639R 
Pascualgnathus, 624L 
Pascualia, 63 8 R 
Passalodotiy 60 1L 
Passeriformes, 351, 352, 625R 
Passerina, 625 R 
Pastinachus, 600L 
Pastoralodon , 63 1R 
Pastoralodontidae, 63 1 R 
Pataecidae, 608 R 
Pataecops, 645 R 
Patagosaurus, 62 1 R 
Patavichthys, 604R 
Patavichtidae, 604R 
Patene, 628L 
Pateropercay 605 L 
PatriarchuSy 647L 
Patriocetus, 643 R 
Patriofelis, 479, 480, 633L 
Patriomanis, 559, 560, 648L 
PatriotheridomvSy 638L 
Pattenaspis, 596L 
Pattersomys, 63 8 R 
Pattersonichthyidae, 607L 
Pattersonichthyiformcs, 607L 
Pattersonichthys, 607L 
Pattersonoberyx, 608L 
Paulchoffatia, 418, 627L 
Paulchoffatiidae, 418, 627L 
Paulogermisia, 63 9R 
Paurodon, 627R 
Paurodontidae, 428, 627R 
Paiiromys, 635R 
Pavlovicbtbys, 606 R 
Peafowl, 350 


Pecari, 640 R 
Pecaricboerus, 640R 
Peccaries, 510 
Pecora, 517, 641 R 
Pectmodony 62 1L 
Pedetcs, 638L 
Pedeticasaurus, 281, 620L 
Pedetidae, 492, 638L 
Pedetoidea, 63 8 L 
Pedicellate teeth, 181, 182 
Pediculati, 607L 
Pediobippus, 644R 
Pediobyus, 640R 
Pediomeryx, 64 1R 
Pediomyidae, 432, 628L 
Pediomys, 628L 
Pedionomidae, 354. 626L 
Pedomys, 637L 
Pegasidae, 608R 
Pegasiformcs, 127, 608R 
Peipebsuchus, 620L 
PeirosauruSy 620L 
Pelacybium , 61 OR 
PelagorniSy 626 R 
Pelagornithidae, 355, 626R 
Pelagosaurns, 282, 620L 
Pelamys, 61 OR 
Pelatiomodon, 623L 
PelargopappuSy 625L 
PelargorhyncuSy 606R 
Pelea, 642R 
Pelecani, 626R 
Pelecanidae, 355, 626R 
Pelecaniformes, 355-356, 
626R 

Pelecanoides, 626R 
Pelecanoididae, 356, 626R 
Pelecanus, 626R 
Pelecopterus, 603R 
Pelecorapis, 604R 
Pelecus, 606L 
Peletymala, 616R 
Pelecyodon, 647R 
PeleicbthySy 603 L 
Pelicans, 355 
PelicopstSy 627R 
PelobateSy 614R 
Pelobatidae, 185, 614R 
Pelocetus, 644L 
Pelocomastes, 615R 
Pelodelpbis, 643R 
Pelodosotis, 61 4L 
Pelodytidae, 614R 
Pelomedusa, 211, 6I5R 
Pelomedusidae, 211, 615R 
Pelamys, 63 7R 
Pelonax, 640L 
Peloneustes, 619L 
Pelophilus, 614R 
Pelorocephalus, 6 1 3 L 
Peloroceras, 642L 
Pelorocyclops, 623 R 
Pelorosaurus, 62 1R 
Pelorovis, 642R 
Peltcoelus, 647R 
PeltephiluSy 647R 
Peltobatrachidae, 6131. 
Peltobatrachus, 613L 
Peltochelys, 615R 
Peltodus, 6011. 
Peltopleuridae, 602R 
Peltopleuriformes, 101, 602R 
Peltopleurus, 602R 
Peltosaurus, 617R 
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Peltostega, 613L 
Pelurgaspis , 595R 
Pelusins, 211 
Pelycictis, 634L 
Pelycodus , 470, 572, 632L 
Pelycomys , 635R 
Pelycopborus, 597L 
Pelycosauria, 266-269, 622R, 
623L 

Pempheridae, 609R 
Peneteius , 617R 
Penetrigonias, 645 R 
Pennagnatbus , 6 1 1 R 
Pentacemylus, 640L 
Pentaceratops , 311, 622R 
Pentacodon, 630L 
Pentacodontidae, 63 OL 
Pentacosmodon, 627R 
Pentaglis , 63 6R 
Pentagonolepis, 596R 
Pentalopbodon, 645R 
Pentapassalus , 561, 648 L 
Pentlandia, 612L 
Penygaspis, 595R 
Peobrodon , 64 1L 
Peplorhina , 612L 
Peraceras, 645R 
Peradectes, 62 8 L 
Peru gale, 628 R 
Peraiocynodon, 627L 
Peralestes , 627R 
Peralopex, 628 R 
Perameles, 628 R 
Peramelidae, 436, 628R 
Perameloidea, 436, 444, 628R 
Peramuridae, 429, 627R 
Peramus , 429, 627R 
Peramys , 628L 
Peraspalax, 627R 
Perathereutes, 628 R 
Peratosauroides, 614R 
Peratotherium , 431, 628L 
Perazoyphium, 628L 
Perea, 609L 
Percalates, 609L 
Percaletes, 609L 
Percarina , 609L 
Perch, 129 
Perchoerns , 640R 
Percichthyidae, 609L 
Percichthys, 609L 
Percidae, 609L 
Perciformes, 128, 609L 
Peralta, 609L 
Percoidei, 129, 130, 131, 

609L 

Percomorpha, 127—132, 608L 
Pcrcophididac, 610L 
Percopsidae, 607L 
Percopsiformes, 125, 607L 
Percopsoidei, 6071. 
Percostoma, 609L 
Percrocuta, 633R 
Perhippidium, 646R 
Periacrodon, 6471. 

Penbos, 642R 
Perkentropbus, 603L 
Periconodon, 63 2L 
Pericyon, 635L 
Peridiomys, 636R 
Peridyromys, 636R 
Perirma, 642 R 
Perimys, 638R 
Periodus, 603R 


Periokoala, 6291. 

Periotic, 392, 393 
Peripantostylops, 646R 
Peripheral epidermal sensory 
tissue, 22 

Periphragnis, 646R 
Peripolocetus, 644L 
Peripristis, 60 1L 
Periptychidae, 504, 639R 
Periplycbus, 639R 
Perissodactyla, 50, 505, 
527-536, 644L 
Peristedion, 608 R 
Peritresius, 616L 
Perleididae, 602R 
Perleidiformes, 101, 602R 
Perleidus, 101, 602R 
Permocynodon, 624L 
Perognatbiodes, 636R 
Perognathus, 636R 
Peromyscus, 637R 
Peroryctes , 628R 
Perparvus, 617L 
Persacantbus, 601 R 
Pertromyidae, 493 
Perunium , 634L 
Perutherium , 449, 504, 547 
Peshanernys, 615R 
Pessopteryx, 622R 
Pessosaurus, 622 R 
Petalichthyida, 54, 596R 
Petalodontida, 70, 71, 601L 
Petalodopsis, 612L 
Petalodus, 60 1L 
Petalolepis, 607R 
Petalopteryx, 603R 
Petalorbyncbus. 6011. 
Petaurella, 629L 
Petauridae, 437, 629L 
Petaurista, 636L 
Petauristodon , 6361, 

Petaurus , 629L 
Peteinosaitrus, 332, 333, 336, 
620R 

Petinomys, 6361. 

Petrodentine, 152, 153 
Petrodus , 598R, 600L 
Petrogale, 629L 
Petrokozlouia, 63 8 L 
Petrolacosauridae, 616R 
Petrolacosaurus, 200, 217, 
219, 221, 265, 616R 
Petrolemur, 632L 
Petromus, 63 8 R 
Petromys, 63 8 R 
Petromyzon , 36, 39, 40 
Petromyzontidae, 39, 41, 
596R 

Petromyzontiformes, 596R 
Petropseudes, 629L 
Petrosal, 403, 450 
Petrosucbus, 620L 
Peurcosaurus, 615L 
Peyeria, 599R 
Peyerus, 619L 
Pezopbaps, 625L 
Pbacocboerus, 640L 
Pbaedrolosaurus, 621 L 
Phaethontes, 626R 
Phaethontidac, 355, 626R 
Phaidrosoma , 603 R 
Pbaiomys, 637L 
Phalacrocoracidae, 355, 626R 
Phalacrocorax, 626R 


Phalacropbolis, 605 R 
Pbalacrus, 61 OR 
Pbalanger, 629L 
Phalangeridae, 436, 437, 629L 
Phalangcrids, 436 
Phalangeroidea, 436-438, 
629L 

Pbalangista , 629L 
Phalarodon, 622 R 
Phalaropes, 354 
Phallostethidae, 607R 
Phanagaroloxadon , 6461. 
Phaneropleuridae, 612L 
Phaneropleuron, 153, 612L 
Phanerorhynchida, 98, 99, 
602R 

Phanerorhynchidae, 602R 
Phancrorhynchiformcs, 602R 
Pbanerorhynchus, 602 R 
Pbanerosteon , 60 1R 
Phanomys , 63 8 R 
Phanopbilus, 647L 
Pbareodus, 604L 
Pharmacichthys, 605L 
Pharsophoms, 628R 
Pharyngeal slits, 17, 19 
Pharyngophtlus, 610L 
Pharyngophyal, 78 
Pharynogolepis, 32, 39, 596L 
Pbascogale, 628R 
Pbascolagus, 629L 
Phascolarctidae, 6291. 
Phaseolarctoidea, 436, 438, 
629L 

Phascolarctos, 629L 
Pbascolestes, 627R 
Pbascolictis, 628 R 
Pbascolodon, 627L 
Pbascologale, 628 R 
Phascolomis , 629 L 
Phascolonus, 629L 
Phascolosorex , 628 R 
Phascolotherium, 416, 627L 
Pbasganodus, 606R 
Phasianidac, 6251. 

Pbataginus, 559, 648L 
Pheasants, 350 
Phelidophorns , 604L 
Phelsuma, 617L 
Pbenaceras, 63 1R 
Phenacocoelus, 64 1 L 
Pbenacodaptes, 639R 
Phenacodontidae, 504, 507, 
527-529, 547, 639R 
Phenacodus, 527, 529, 639R 
Phenacolemur, 632L 
Phcnacolophidae, 504, 505, 
537, 541-543, 639R 
Pbenacolophus, 541, 542, 
639R 

Phenacomys, 637R 
Pbenacops , 630R 
Pbialaspis , 595R 
Phigeacanthus, 600R 
Philander, 628L 
Pbilistomys, 636R 
Pbilotrox, 634 R 
Pbiocricetomys, 638L 
Phiomia, 645 R 
Phiornorpha, 493, 638L 
Phiomyidae, 493, 638L 
Phiomyotdes, 638R 
Phiomys, 638L 
Pblaocyon, 634R 


Phlebodelpidida, 34 
Phlebolepis, 32, 596L 
Pblegethontia, 177, 6I3R 
Phlegethontiidae, 176, 613R 
Pblyctaenacanthus, 596R 
Pblyctaenaspis, 597L 
Pblyctaenichthys, 602R 
Phlyctaeniidae, 49, 597L 
Phlyctaenina, 597L 
Pblyctaenius, 597L 
Phoberocyon , 63 5L 
Pboberodon, 643 R 
Pbobosuchus, 620R 
Pboca, 634R 
Phocaena , 634R 
Phocaenidae, 525, 643R 
Phocaenoides, 643 R 
Phocaenopsis, 643 R 
Phocagenens, 643R 
Pbocanella, 634R 
Phocidae, 484, 485, 634R 
Pbocodon, 643R 
Phocoid, 483 
Phocosaurus , 623L 
Phoebammon , 597R 
Phoebodontidae, 598L 
Phoebodus, 598L 
Phoenicolepis, 607L 
Phoeniconaias, 626L 
Phoeniconotius, 626L 
Phoenicoparrus, 626L 
Phoenicopteridac, 354, 6261. 
Pboenicopterus, 626L 
Phoeniculidae, 351, 625R 
Pboenixauchenia, 6471 
Phohderpeton , 613R 
Pholidichthyidae, 610L 
Pholididae, 610L 
Pholidocercus, 462, 630L 
Pholidogaster, 170, 612R 
Pbohdophoretes, 604L 
Pholidophoridae, 104-106, 
113, 114, 603 R 
Pbolidophorides, 604L 
Pholidophoriformes, 603R 
Pbolidophoristion, 604 L 
Pholidophorus , 104, 106, 114, 
604L 

Pholidopleuridae, 602 R 
Pholidopleuriformes, 602R 
Pbolidopleurus, 602R 
Pholidosauridae, 282, 620L 
Pholidosaurus, 620L 
Pholidosteidae, 597L 
Pholidosteus, 597L 
Pholidota, 450, 554, 559, 

560, 648L 
Pbolidotus, 603L 
Phonocdromus, 628L, 628R 
Phoradiadus , 647L 
Phorcynus , 76, 598 R 
Phororhachidae 

(Phorusrhacidae), 352, 
353 

Phororhacos, 353, 625 R 
Phorusrhacidae, 352, 353, 

625 R 

Phorusrhacus, 353 
Phosphate reserve, 23 
Pbosphatosaurus, 620L 
Phospbicbtbys , 609L 
Pboticbtys , 606R 
Photophores, 117, 12 1, 122 
Phractolaemidae, 605 R 
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Phreatophasma, 622 R 
Phricacanthus, 598R, 600R 
Phrynops, 615R 
Phrynosoma , 617L 
Pbthinosaurus, 623 L 
Phthinosuchia, 369— 371 
Phthinosuchidae, 623L 
Phthinosuchus, 623 L 
Pbtboramys, 638R 
Phycis, 607R 
Phygosaurus, 619L 
Phylactocephalus, 121, 606R 
Phyletic evolution, 570-575 
Phylletnys , 616L 
Phyllodactylus, 617L 
Phyllodon, 622L 
Phyllodontidae, 604R 
Phyllodus, 604 R 
Phyllolepida, 49, 53, 596R 
Phyllolepididae, 596R 
Phyllolepis , 53, 596R 
Phyllostomatidae, 63 1R 
Phyllostomatoidea, 63 1R 
Phyllotillon , 644R 
Phylogenetic systematics, 
5-13 

Phylogenetic trees, 1 0 
Physeter , 644L 
Physeteridae, 643 R 
Physeteroidea, 525 
Physeterula , 644L 
Pbysetodon, 644L 
Physichthys, 596R 
Pbysiculus , 607R 
Physocephalus, 607R 
Physoclistous swim bladder, 
123 

Physodon, 599L 
Physonemus, 598L, 600R 
Physornis, 625R 
Phytosauria, 273, 619R 
Phytosauridae, 619R 
Piatnitzkysaurus , 62 1L 
Piceoerpeton , 614R 
Pichipilus, 62 8 R 
Picidae, 625R 
Piciformes, 625R 
Pickerels, 119 
Picrodontidae, 632L 
Picrodus, 63 2L 
Piezodus, 639L 
Pigeons, 347, 350 
Pigment cells, 22 
Pikaia, 18 
Pikas, 488 
Pike, 119 

Pikermicerus, 643 L 
Pilchenia, 628 R 
Pilgrimella , 645 R 
Pilgrimia, 646L 
Pilosa, 553, 557, 647R 
Pimelodontidae, 606L 
Pimelodus, 606L 
Pimephales, 606L 
Pinacodus, 600R 
Pinacosaurus, 622L 
Pinacosuchus, 620L 
Pitiguinus, 626R 
Pinnacatitbus, 601R 
Pinnarctidion, 635L 
Pinnipeds, 483-485 
Piocormus, 616R 
Pionaspis , 595R 
Pipa , 165 


Pipefish, 127 
Pipestoneomys , 635 R 
Pipidae, 185, 614R 
Pipiscius, 596R 
Pipistrellus, 632L 
Piptomerus, 619L 
Piranhas, 1 1 9 
Pirate “perch,” 125 
Piratosaurus, 619L 
Pirskenius , 61 OR 
Pisanodon , 646R 
Pisanosaurus, 303, 306, 622L 
Pisciphoca, 634R 
Piscolithax, 643R 
Pistosauridae, 619L 
Pistosaurus, 245-247, 619L 
Pit vipers, 237 
Pitbanodelphis, 643 R 
Pithanotaria, 484, 635L 
Pithanotomys, 638R 
Pithecanthropus, 633L 
Pithecistes, 64 1L 
Pitheculttes, 628 R 
Pitikantia , 629L 
Pituitary hormone, 444 
Pitymys, 637R 
Piveteausaurus, 62 1L 
Piveteauvia , 612L 
Placenta: 

chorioallantoic, 444 

choriovitelline, 444 
Placental mammals, 443—568 
Placentidens, 630L 
Placentidentidae, 630L 
Placeolepts, 596R 
Placerias, 376, 623L 
Piacochelyanus, 622R 
Placochelys, 250, 622R 
Placodermi, 46— 58, 596, 597 
Placoderms, 46—58, 92 
Placodes, 21 

Placodontia, 248-251, 622R 
Placodontidae, 622 R 
Placodus, 248-250, 254, 

622 R 

Placopleurus, 602R 
Placosaurus, 617R 
Placosteus, 595 R 
Placotherium, 617R 
Placothorax, 597R 
Plagiarthus, 646R 
Plagiaulacidae, 627L 
Plagiaulacoidea, 418, 62 7L 
Plagiaulax, 627L 
Plagiobatrachus, 613R 
Plagiocristodon, 643L 
Plagioctenodon, 63 1L 
Plagioctenoides, 63 1 L 
Plagiobippus, 644L 
Plagiolophus, 644R 
Plagiomene , 478, 630L 
Plagiomenidae, 477, 478, 
630L 

Plagiomenoidea, 630L 
Plagioptychus, 639R 
Plagiorophus, 613R 
Plagiosauridae, 613R 
Plagiosauroidea, 173-174, 
613R 

Plagiosaurus, 613R 
Plagiosternum, 613R 
Plagiosuchus, 173, 613R 
Plains wanderer, 354 
Plaisiodon, 629L 


Planetetherium, 63 0L 
Planigale, 628 R 
Planiplastron, 616L 
Planocephalosaurus, 225, 226, 
227, 61 6R 
Planocrania, 620R 
Planops, 648L 
Plastomenus, 616L 
Plastron, 209 
Platacantbus, 600R 
Platacidae, 609R 
Platacodon , 603R 
Plataleidae, 354, 626L 
Platanistidae, 643 R 
Platanistoidea, 525 
Plataspis, 597L 
Platecarpus, 618L 
Platelepbas, 646L 
Platemys, 615R, 616L 
Plateosauravus , 62 1R 
Plateosauria, 297, 298, 621R 
Plateosaurus, 297, 299, 300, 
621R 

Platessa, 61 1L 
Platoceras, 631 R 
Platops, 604L 
Platyacanthus, 598R 
Platyacrodus, 598R 
Platybasic structure of 
braincase, 49 
Platybelodon, 645R 
Platyhos, 642 R 
Platycanthus, 600R 
Platycephalichthys, 61 1R 
Platycephalidae, 608 R 
Platycephaloidei, 608R 
Platycerabos, 642R 
Platycerobison , 642L 
Platychelyidae, 211, 615R 
Platychelys, 615R 
Platychoerops , 632L 
Platycormus, 608L 
Platycraniellus, 624L 
Platycranion , 624L 
Platy cyclops, 623 R 
Platydyptes, 627L 
Platygnathus, 61 1R 
Platygonus , 512, 513, 640R 
Platyhystrix, 612R 
Platy laemus, 610L 
Platylates, 609L 
Platylepis, 608L 
Platylithax, 644L 
Platymastus, 639R 
Platynota, 232-236, 618L 
Platyochoerus, 641L 
Platyodus, 600R 
Platyognathidae, 620 L 
Platyognathus, 620L 
Platyoposaurus, 612R 
Platyoropha, 615L 
Platyosphys, 643 L 
Platyosteus, 597L 
Platypeltis, 616L 
Platyphoca, 634R 
Platypittamys, 63 8 R 
Platypterygius, 258, 582, 

622R 
Platypus, 420 
Platypus, 627L 
Platyrhachis, 61 7R 
Platyrhina, 599R 
Platyrrhini, 464, 471, 632R 
Platysiagidae, 602R 


Platysiagum , 602 R 
Platysomidae, 602L 
Platysomoidei, 98, 602L 
Platysomus, 6 02L 
Platyspondylia, 618R 
Platyspondylus, 600L 
Platystega, 613L 
Platystegodon, 646L 
Platysuchus, 620L 
Platyxystrodus, 600R 
Plaxbaplous, 647R 
Plecotus, 632 L 
Plectocretacicus , 6 1 1 R 
Plectognathi, 130 
Plectrites, 609 R 
Plectrodus, 60 1R 
Plectrolepis, 602L 
Plegadis, 626L 
Plegadornis, 624L 
Plegmolepis, 602L 
Pleiopterus, 61 1R 
Pleisispermophilus, 635R 
Pleopus, 629L 
Plesesthonyx, 63 1L 
Plesiaceratherium, 645 R 
Plesiadapidae, 632L 
Plesiadapiformes, 464, 467, 
468, 632L 

Plesiadapis, 468, 632L 
Plesiadapoidea, 468, 632L 
Plesiaddax, 642R 
Plesianthropus, 63 3 L 
Plesiarctomys, 635R 
Plesictis, 634R 
Plesiobaena, 615R 
Plesioberyx, 608L 
Plesiocathartes, 355, 626R 
Plesiocetopsis, 644L 
Plesiocetus, 644L 
Plesiochelyidae, 213, 241, 
616L 

Plesiochelys, 61 6L 
Plesiocricetodon, 637R 
Plesiocrocuta, 633R 
Plesiocyon, 635 L 
Plesiodimylus, 63 1L 
Plesiodus, 603 L 
Plesiofelis, 628 R 
Plesiogale, 634L 
Plesiogulo, 634L 
Plesiolacerta , 617R 
Plesiolatax, 634L 
Plesiolepidotus, 603 R 
Plesiolestes, 632L 
Plesiomegatberium, 648L 
Plesiomeles, 634L 
Plesiomeryx, 64 1L 
Plesiomiacis, 633R 
Plesiomorphy, 5 
Plesiopidae, 609L 
Plesiopliopithecus , 632R 
Plesiopteraspis, 595R 
Plesiorhineura, 617R 
Plesiorycteropus, 547, 646R 
Plesiosauria, 245—248, 619L 
Plesiosauridae, 248, 619L 
Plesiosauroidea, 248, 61 9L 
Plesiosaurs, 200, 327 
Plesiosaurus, 247, 619L 
Plesiosminthus, 637L 
Plesiosorex, 630R 
Plesiosoricidae, 630R 
Plesictis, 634R 
Plesiotortrix, 618R 
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Plesiotylosaurus, 61 8L 
Plesiphenacodus , 639R 
Plesippus, 644L 
Plesodic fin, 66 
Plethodon, 586, 614R 
Plethodonidae, 604L 
Plethodontidae. 182, 186, 
614R 

Plethodontoidea, 614R 
Plethodus , 60 1L, 604L 
Pleur acanthus, 598R 
Pleuraspidotherium, 639R 
Pleurocanthodii, 598R 
Pleurocentrum, 143 
Pleuroceros, 645R 
Pleurocoelodon, 646R 
Pleurocoels, 292 
Pleurocoelus, 62 1R 
Pleurocyon, 633R 
Pleurodeles, 614R 
Plcurodira, 210-212, 615R 
Pleurodus, 600L 
Pleurogotnpkus , 600R 
Pleurolepis, 603L 
Pleurolicus, 636R 
Pleuronectes, 6 1 1 L 
Pleuronectidae, 61 1L 
Pleuronectiformes, 130, 132 
Pleuronectoidei, 61 1L 
Pleuronichthys, 611L 
Pleuropeltus , 622L 
Pleuropholidae, 604L 
Pleuropholis, 604L 
Pleuroplax, 600R 
Pleurosauridae, 227, 616R 
Pleurosaurs, 241 
Pleurosaurus, 227, 616R 
Pleurosphenoid, 234, 273 
Pleurosternidae, 616R 
Pleurosternon, 61 6R 
Pleurostylodon, 646R 
Pleurotemnus, 646R 
Pliacodus , 609R 
Pliauchenia, 641L 
Plicagnatbus, 614L 
Plicatolamna, 599L 
Plicodus, 598R 
Plinthicus, 600 L 
Plintholepis, 61 1R 
Plioambystoma, 614R 
P liobatrachus , 614R 
Pliocarbo, 626R 
Plioceros, 642L 
Pliocervus, 642L 
Pliochelys , 616L 
Pliochotona, 63 9L 
Pliocyon, 635L 
Pliodiceros, 645 R 
Pliodolops, 628 R 
Pliogale, 634L 
Pliogeomys , 636R 
Pliogonodon, 620L 
Pliogrus, 625R 
Pliogyps, 626R 
Pliohippus, 535, 644R 
Pliohydrochoerus, 638R 
Pliohyracidae, 545, 646L 
Pliohyrax, 646L 
Pliolagus, 639 L 
Pliolemmus, 637R 
Pliolestes , 628 R 
Pliomastodon, 646L 
Pliometanastes, 647R 
Pliomys, 637L, 637R 


Plionarctos, 635L 
Plionictis, 634L 
Pliopedia , 635 R 
Pliopentalagus, 639L 
Pliopetaurista, 636L 
Pliopetes, 636L 
Pliopbenacomys, 63 7R 
Pliopicus, 625 R 
Pliopithecidae, 632R 
Pliopithecus, 63 2 R 
Plioplarchus, 609L 
Plioplatecarpus, 618L 
Pliopontos, 643 R 
Pliopotamys , 63 7R 
Plioprion, 627L 
Pliopterus, 61 1R 
Pliosaccomys, 636R 
Pliosauridae, 619L 
Pliosauroidea, 248, 619L 
Pliosaurus , 246, 619L 
Pliosciuropterus, 636L 
Plioselevinia , 63 6L 
Pliosilurus , 606L 
Pliospalax, 637R 
Pliostylops , 646R 
Pliotaxidea , 634R 
Pliotomodon, 637R 
Pliotragus, 642R 
Pliotrema , 599R 
Plioviverrops, 63 3 R 
Pliozapus , 637L 
Plithocyon, 635L 
Plotopteridae, 356, 626R 
Plotopterum, 626 R 
Plotornis, 626R 
Plotosaurus, 232, 234, 618L 
Plotosidae, 606L 
Plourdosteus, 597L 
Plovers, 354 
Plyodictis, 606L 
Plypblepis , 61 1R 
Pneumatic foramina, 335 
Pneumatization of the skull, 
278, 280, 281 
Pneumatoartbrus, 61 6L 
Pneumatopborus, 61 OR 
Pneumatostega, 613L 
Pnigalion, 623L 
Poabromylus, 64 1R 
Poamys, 63 7R 
Poas, 397 
Poatrepbes , 64 1L 
Pocket gophers, 492 
Pocket mice, 492 
Podabrus, 628R 
Podargidae, 625 L 
Podiceps, 626L 
Podicipedidae, 356, 626L 
Podicipediformes, 353, 626L 
Podocnemis, 212, 615R 
Podocys, 609L 
Pododus, 602L 
Podokesauridae, 290, 291, 
621L 

Podokesaurus, 62 1L 
Podolaspis, 595R 
Podopteryx, 607L 
Poebrodon, 514, 64 1L 
Poebrotberium, 514, 515, 
641L 

Poeciliidae, 127, 607R 
Poecilodus, 600R 
Poekilopleuron, 62 1L 
Poepbagus , 642R 


Pogonias , 609R 
Poikilothermy, 321 
Polacanthoides, 622L 
Polacanthus , 622L 
Polarity, 8-10 
Polgardia, 63 4R 
Poliosaurus, 622R 
Polistotrema, 39 
Polyacrodon, 647L 
Polyacrodus, 59 8 R 
Polyborus , 625 L 
Polybranchiaspidac, 596L 
Polybranchiaspis , 38, 596L 
Polycentridae, 610L 
Polycladus, 642L 
Polydactylus, 610L 
Polydectes, 620L 
Polydolopidae, 447, 628R 
Polydolopoidea, 434, 435 
Polydolops, 628R 
Polyechmatemys, 616L 
Polyglyphanodon, 231, 617R 
Polygyrodus , 603R 
Polyipnoides , 606R 
Polyipnus , 606R 
Polymastodon, 627 R 
Polymixia , 608 L 
Polymixiidae, 127, 128, 608L 
Polymixiodei, 608L 
Polymorphis, 647L 
Polynemidae, 610L 
Polynemoidei, 610L 
Polyodon, 100 
Polyodontidae, 100, 603L 
Polyodontoidei, 603 L 
Polyosteorbynchus , 612L 
Polypbractus, 612L 
Polyphyly, 6 
Polyplocodus, 61 1R 
Polyporites, 61 1R 
Polypteridae, 603 L 
Polypteriformes, 99, 100, 
603L 

Polypterus, 99, 100, 603L 
Polyptycbodon , 619L 
Polyrhizodus, 601 L 
Polysemia, 614R 
Polysepbis, 603R 
Polyspbenodon , 226, 616R 
Polysternon, 615R 
Polystylops, 646R 
Polzbergia, 602R 
Polzbergiidae, 602R 
Pomacanthidae, 610L 
Pomacanthus, 610L 
Pomacentridae, 610L 
Pomadasyidae, 609R 
Pomadasys , 609R 
Pomatomidae, 609L 
Pomognatbus, 606 R 
Pomolobus , 605L 
Pomoxis , 6091. 

Pomphractus, 604L 
Pondaungia, 470, 471, 632R 
Ponericbthys , 597R 
Pongidae, 473, 474, 633L 
Pongo , 473, 633L 
Pontif actor, 63 1L 
Pontistes, 643 R 
Pontivaga, 643R 
Pontogeneus , 643L 
Pontolis , 635R 
Pontopboca, 634R 
Pontoplanodes, 643 R 


Pontoporiidae, 643 R 
Pontoportax, 643 L 
Pontosaurus, 618L ' 

Poposauridae, 619R 
Poposaurus, 619R 
Poracanthodes , 60 1R 
Poraspis, 31, 595R 
Porbeagle shark, 76 
Porcidae, 606L 
Porcupines, 490 
Porcupine fish, 130 
Porcus, 606L 
Pore-canal system, 137 
Poreirgus, 604L 
Porolepidae, 61 1R 
Porolcpiformes, 140, 146, 
611R 

Porolepis, 140, 141, 146, 

61 1 R 

Poropboraspis, 28, 29, 595R 
Porpoises, 525 
Portheus , 114, 604L 
Portlandemys, 616L 
Posnanskytberium , 646 R 
Posterior lacerate foramen, 
403, 404 

Posteutatus, 647R 
Postglenoid foramen, 446 
Postglenoid process, 446 
Postosuchus, 27S, 619R 
Postpalerinaceus , 630R 
Postpithecus, 646R 
Postpoamochoerus, 640L 
Postscbizotberium , 646L 
Posttemporal fossa, 103, 141, 
207 

Posture: 

in archosaurs, 271 
digitigrade, 288 
in dinosaurs, 288, 289 
in gorgonopsians, 376 
Potamarcbus, 638R 
Potamochelys, 615R 
Potamocboeroides , 640L 
Potamochoerops, 640L 
Potamochoerus , 640L 
Potamodelphis, 643R 
Potamosiren, 544, 646L 
Potamotelses, 628 L 
Potamotberium , 481, 484, 
634R 

Potamotrygon, 600L 
Potamotrygonidae, 600L 
Potoroinidae, 437, 438 
Potoroops, 629L 
Potorous , 629L 
Pottos, 469 
Powichthyidae, 6 1 1 R 
Powichthys , 139, 140, 146, 
611R 

Praearmantomys , 636R 
Praecodens, 633 L 
Praegalegra, 609L 
Praekogia, 644L 
Praemancalla, 626R 
Praemegaceros, 642L 
Praeovibos, 642R 
Praepusa, 634R 
Praescotnberesox, 607R 
Praesemionotus, 603 R 
Praesynaptomys, 63 7R 
Praolestes, 635L 
Pratifelis, 634L 
Pratilepus, 639L 
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Prauoslavleria, 623R 
Preaceratherium, 645R 
Predator/prey ratios, 322 
Predcntary, 302, 303 
Prediscrostonyx, 63 7R 
Premandibular gill arch, 46 
Prenocepbale, 312, 622L 
Preondactylus, 332, 336, 
620R 

Preophidion , 607R 
Prepanortbus, 628R 
Prepidolopidae, 433, 628R 
Prepidolops , 628 R 
Prepotherium , 648L 
Preptoceras, 642R 
Prepubis, 333 
Presbymys, 635R 
Presbyornis , 354, 626R 
Presbyornithidac, 354, 626R 
Presbytis , 632R 
Prescottaspis , 597R 
Presictis, 634R 
Prestosuchus, 619R 
Priacanthidae, 609L 
Priacanthus , 609L 
Priacodon, 627L 
Pricea, 619L 
Priconolepis, 608L 
Primapus, 35 1 , 625R 
Primates, 449, 450, 464-478, 
632L 

Primelephas , 539, 574, 646L 
Primobucco, 625 L 
Primobucconidae, 625L 
Printinofelis, 633R 
Priodantaspis , 599L 
Priodontes, 556 
Priodontognathns, 622L 
Priortace , 5991. 

Prionessus, 627R 
Prionochelys, 616L 
Prionodon, 599L 
Prionolepis , 606R 
Prionopleurus, 603 L 
Prionosaurus , 6 1 8L 
Prionosuchus , 612R 
Prionotemnus, 629L 
Priorybodus, 598R 
Priscacara , 610L 
Priscocamelus, 641 L 
Priscophyseter , 6441. 

Prismatic calcification, 63, 78 
Pristacanthus, 598R 
Pristcrodon , 623 R 
Pristerodontia, 623L 
Pristerodontidae, 623R 
Pristerognathids, 377 
Pristerognathus, 623 R 
Pristibatus , 599R 
Pristichampsus, 283, 620R 
Pristicladodus, 598R, 600L, 
60 1L 

Pristidae, 599R 
Pristiguana, 61 7L 
Pristiophoridae, 599R 
Pristiophoroidea, 76, 599R 
Pristiophorus , 76, 599R 
Pristiosomus , 603L 
Pristipoma, 609R 
Pristipomidae, 609R 
Prism, 599R 
Pristisomus, 602R 
Pristiurus , 599L 
Pristodontidae, 601 L 
Pristodus, 60 1L 


Pristoidea, 77, 599R 
Pristolepidae, 610L 
Proaceratberium , 645R 
Proacris, 6151. 

Proadiantus, 647L 
Proaethaspis , 597L 
Proaguti , 63 8 R 
Proaigialosaurus, 61 8L 
Proailurus , 481, 482, 634L 
Proalactaga , 6371. 
Proalligator, 620R 
Proamblysomus, 63 1L 
Proamphibos, 642R 
Proamphicyon , 635L 
Proamphiuma, 614R 
Proantigonia, 608L 
Proantilocapra , 6421. 
Proanura, 614R 
Proaracana, 6 1 1 L 
P roar cloth erium, 635 L 
Proardea, 626L 
Proardeola, 626L 
Proargentina , 605L 
Proargyrolagus , 628R 
Proasmodeus, 646R 
Proatberura, 638R 
Probactrosaurus, 308, 622L 
Probairtognathus , 381, 390, 
394, 395, 396, 402, 
407, 6241. 

Probalearica, 625 R 
Proballostomus, 606L 
Probatbyopsis , 631 R 
Probelesodon , 391, 396, 624L 
Problastomeryx , 64 1R 
Problennins, 610L 
Proborhyaena , 433, 628R 
Proboscidea, 450, 536-540, 
645 R 

Proboscidohipparion, 644 R 
Probrachyodos, 640R 
Probunalis, 642R 
Proburnetia, 623R 
Procadurcodon , 645 L 
Procaenotherium , 64 1L 
Procaimanoidea , 620R 
Procamelus , 64 1L 
Procamptoceras, 642R 
Procapra , 642 R 
Procapreolus, 624L 
Procaprolagus, 639L 
Procarcharodon, 599 L 
Procardia, 638R 
Procardiatherium, 639L 
Procardiomys, 63 8 R 
Procastoroides, 6361. 

Procavia , 646L 
Procaviidae, 545, 646L 
Procellaria, 626R 
Procellariidae, 356, 626R 
Procellariiformes, 344, 
355-367, 626R 
Procephalaspis, 596L 
Proceratodus, 612L 
Proceratosaurus, 62 1L 
Procerherus, 449, 454, 456, 
630L 

Proceromys, 63 7R 
Procerorhinus, 645R 
Procerosucbus, 619R 
Procervulus, 64 1R 
Procervus , 64 1R 
Prochanos , 605R 
Procharacinus, 605 R 
Procharax , 605R 


Procheincbthys, 602R 
Prochetodon, 627R 
Prochilodontidae, 605 R 
Prochoeropsis, 640R 
Procborrias, 615R 
Procbotona, 639L 
Prochrysochloris, 63 1L 
Procladosictis , 628R 
Procobus, 642 R 
Procoileus, 64 1R 
Procolophon, 204, 615L 
Procolophoriia, 615L 
Procolophonidae, 615L 
Procolophonoidea, 203— 205, 
615L 

Procolophotioides, 615L 
Prvcolpocbelys, 616L 
Procompsognathus , 62 1 L 
Proconsul, 473, 633L 
Procoptodon , 629L 
Procrax, 625L 
Proctenodus , 612L 
Procuculus, 625 R 
Procynocephalus, 632R 
Procynodictis, 633R 
Procynops, 614R 
Procynosuchia, 624L 
Procynosuchidae, 378-381, 
624L 

Procynosuchus, 378— 382, 
394, 396, 624L 
Procyon , 634R 
Procyonictis, 639L 
Procyonidae, 480, 482, 563, 
634R 

Prodamaliscus, 642R 
Prodaphaenus, 633L 
Prodasypus, 647R 
Prodeinotherium, 646 L 
Prodesmatochoerus , 64 1L 
Prodesmodon , 614R 
Prodiacodon, 630L 
Prodicynodon, 623 R 
Prodidelpbys, 628 L 
Prodinoceras , 63 1R 
Prodiplocynodon, 620R 
Prodipodomys, 636R 
Prodiscoglossus, 614R 
Prodissopsalis, 63 3 L 
Prodolicbotis, 638R 
Prodremotherium, 64 1R 
Proectocion, 639R 
Proedium, 647L 
Proedrium, 647L 
Proelginia, 6 1 5 L 
Proergilornis, 625R 
Proetus, 647R 
Proeuphractus, 647R 
Proexaeretodon, 624L 
Progadius, 607R 
Progalago, 469, 632R 
Progaleopithecus, 646R 
Proganochelida, 208-21 1, 
615R 

Progatiochelyidae, 615R 
Proganochelys, 208, 615R 
Proganosaurus, 616L 
Progarzonia, 628 R 
Progempylus, 61 OR 
Progenetta, 63 3 R 
Progiraffa, 642L 
Prognathodon, 232, 61 8L 
Prognathodus, 600R 
Prognathosaurus, 618L 
Progonia, 6.39R 


Progonomys, 637R 
Pragma, 625 L ^ 

Progymodon, 6 1 1 R 
Progyrolepis, 602L 
Probalecites, 604 L 
Probegetotherium, 647L 
Probeliophobius, 638R 
Proheptoconus, 647L 
Proheteromys, 636R 
Prohybodus, 598R 
Prohydrochoerus, 639L 
Prohydrocyon, 605R, 645L 
Prohylobates, 472, 632R 
Prohyracodon, 645L 
Prohyracotherium, 646R 
Probyrax, 646L 
Proiguana, 617R 
Proinia, 643 R 
Prokennalestes, 445 
Prolacerta, 253, 264—266, 
619L 

Prolacertidac, 619L 
Prolacertiformes, 265 
Prolacertoides, 619L 
Prolaena, 6331. 

Prolagostomus, 638R 
Prolagus, 639 L 
Prolapsus, 63 9 L 
Prolates, 609L 
Prolebias, 607R 
Prolepidotus, 603L 
Proleptobos, 642R 
Proleptolepis, 604L 
Prolestodon, 648 L 
Prolibytherium, 642L 
Prolicaphrium, 647L 
Prolimnocyon, 633L 
Prolipotes, 643 R 
Prolystrosaurus, 623R 
Promacrauchenia, 647L 
Promacrurus, 607R 
Promartes, 634R 
Promastodonsaurus, 6131. 
Promecosomina, 603R 
Promegalops, 604R 
Promegatherium, 648L 
Promeles , 634R 
Promellivora, 634R 
Promephitis, 634R 
Promerluccius, 607R 
Promerycochoerus, 64 1L 
Promesochoerus, 640L 
Promesodreodon, 641 L 
Promimomys, 63 7R 
Praminatherium, 640R 
Promioclaenus, 639R 
Promonomys, 638R 
Promontory artery, 446, 468 
Promontory branch of internal 
carotid, 450 

Promontory of otic capsule, 
403 

Promoschorhyncbus, 623 R 
Promusophaga, 624R 
Promylagaulus, 636L 
Promyliobatis, 600L 
Promysops, 628R 
Promystriosucbus, 619R 
Pronasilio, 630L 
Proneofiber, 637R 
Proneusticosaurus, 584, 619L 
Pronodens, 64 1R 
Pronolagus, 639L 
Pronomotherium, 640R 
Pronotacanthus, 605L, 606R 
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Pronotbodectes , 632L 
Pronotbrotherium , 648 L 
Prontochoerus, 640L 
Pronycticebus , 632L 
Prootic, 195 

Prootic bridge, 141, 142 
Propachynolopbus , 644R 
Propachyrucos , 647L 
Propalaeanodon , 560, 561, 
648L 

Propalaemeryx, 642L 
Propalaeocastor, 6361. 
Propalaecochoerus, 640L 
Propalaeohoplophorus, 647R 
Propalaeoniscus, 602L 
Propalaeoryx, 641 R 
Propalaeosinopa, 630L 
Propalaeotberium , 644R 
Propalinal movement, 227, 
417, 488, 489, 490 
Propappus , 615L 
Propediolagus, 63 8 R 
Propelargus , 625 R 
Properca, 609L 
Propcrcarina , 609L 
Prophaethon, 626R 
Prophaethontidae, 355, 626R 
Prophoca , 634R 
Prophyseter , 644L 
Proplacerias , 623 L 
Proplatyartbrus, 647R 
Proplatynotia, 61 8L 
Propleopus , 629L 
Propleura, 616L 
Propliomys , 637R 
Propliopbenacamys, 637R 
Propliopithecus, 472, 633L 
Propolymastodon, 628 R 
Propontosmilus, 634L 
Proportbeus, 604L 
Propotamochoerus, 640L 
Propotto, 464, 63 1R 
Propraopus, 647R 
Propristtophorus, 599R 
Propristis, 599R 
Propsetta, 6 1 1 L 
Propseudopus , 617R 
Propterodon, 633L 
Propterus, 603 R 
Propterygium, 72 
Proputorius, 634R 
Propygidium, 606R 
Propyrotherium, 647L 
Prorastomidae, 543, 6361. 
Prorastomus, 543, 646L 
Prorbyzaena, 633L 
Prorosmarus, 635R 
Prorozipkius, 643 R 
Prorubidgea, 623 R 
Prosansanosmilus , 634L 
Prosantorhinus, 645 R 
Prosarcodon, 461, 63 1L 
Prosarctaspis, 595R 
Prosaurolophus, 622L 
Prosauropsis, 603 R 
Proscalopidae, 630R 
Proscalopss, 630R 
Proscapanus , 630R 
Proscelidodon, 648L 
Proschismotberium, 648L 
Proscinetes, 109, 603 R 
Prosciurus, 635R 
Proserranus, 609L 
Prosimii, 464, 632L 
Prosinopa, 632L 


Prosinotragus, 642R 
Prosiphneus, 637R 
Prosiren, 614L 
Prosirenidae, 614L 
Prosirenoidea, 614L 
Prosolenostomus, 608R 
Prosbmys, 63 7R 
Prosopium, 605 R 
Prosotherium, 647L 
Prospalax, 637R 
Prospaniomys, 638R 
Prosphymaspis, 597L 
Prosphyraena, 607R 
Prosqualodon, 643 R 
Prostegotherium, 647R 
Prosthecion , 639R 
Prosthennops, 640R 
Prostrepsiceros, 642R 
Prostylops, 646R 
Prosybris, 635L 
Prosyntbetoceras, 64 1R 
Protabrocoma, 63 8R 
Protacanthodes, 601R, 61 1L 
Protacanthopterygii, 113, 119 
Protacaremys, 63 9 L 
Protacmon, 624L 
Protacrodontoidea, 598R 
Protacrodus, 598R, 598R 
Protadelomys, 638L 
Protadelphomys, 638R 
Protagriochoerus, 640R 
Protalactaga, 637R 
Protamandua, 648 L 
Protamia, 603R 
Protanancus, 645 R 
Protanthias, 609L 
Protanthropus, 6331. 
Protapirus, 645 L 
Protarctos, 634R 
Protarpon, 604R 
Protaspis, 595R 
Protatera, 637R 
Protaulopsis , 608R 
Protautoga , 61 OR 
Protechinus, 630R 
Proteidae, 186, 614L 
Protelotherium, 639R 
Protembolotherium, 644R 
Proternnocyon, 635 L 
Proternnodon, 436, 629L 
Protenrec, 63 1L 
Protentomodon, 630L 
Proteocordylus, 614L 
Proteodidelpbys, 628L 
Proteoidea, 614L 
Proteomyridae, 604R 
Proteomyrus, 604 R 
Proteosaurus, 256, 622R 
Proterix, 630R 
Proterixoides, 630L 
Proterocbampsa, 273, 61 9R 
Proterochampsidae, 619R 
Proterochersidae, 615R 
Proterochersis, 615R 
Proterogyrinidae, 613R 
Proterogyrinus, 158, 160, 

163, 164, 166, 168, 
174, 613R 

Proterosuchia, 269, 619R 
Proterosuchidae, 269-271, 
619R 

Proterosuchus, 269, 619R 
Proterotheriidae, 549, 647L 
Proterotberium, 647L 
Proteurynotus, 602L 


Proteus, 614R 
Proteutheria, 447, 449, 454, 
562 

Protheosodon, 639R 
Prothoatherium, 647L 
Protbomomys, 636R 
Protbryptacodon, 639R 
Prothylacocyon, 628L 
Prothylacynus, 433, 628L, 
628R 

Prothymallus, 605R 
Prothyracodon, 645 L 
Proticia, 647R 
Protictis , 479, 480, 633R 
Protictitherium, 633R 
Protictops, 630L 
Protiguanodon, 622L 
Protitan , 644R 
Protitanichthys, 597L 
Protitanops, 644R 
Protitanotherium, 532, 644R 
Protoadapis , 632L 
Protoadjidaumo, 63 6R 
Protobalaena, 644L 
Protobatrachidae, 614R 
Protobatrachus, 614R 
Protobrama, 604L 
Protobrotula, 607R 
Protocaptorhinus, 615L 
Protocatostomus, 605 R 
Protoceras, 515, 641R 
Protoceratidae, 515, 516, 

641 L 

Protoceratops, 305, 622L 
Protoceratopsidae, 310, 622L 
Protocetidae, 522, 643L 
Protocetus, 643 L 
Protochelydra, 61 6L 
Protochelys, 61 6L 
Protoclepsydrops, 364, 622R 
Protoclupea, 605L 
Protocone, 426 
Protocynodon, 624L 
Protocyon, 634R 
Protodelpbinus, 643 R 
Protodichobune, 507, 640L 
Protodidelphis, 628L 
Protodus, 601R, 611R 
Protogaleus, 599L 
Protogonacanthus, 601 R 
Protohippus, 644R 
Protohydrochoerus, 63 9L 
Protobymallus, 605R 
Protoichthyosauridae, 622R 
Protoichtbyosaurus, 622R 
Protolabis, 641 L 
Protolambda, 628 L 
Protolipterna, 647L 
Protolipternidae, 647L 
Protolobotus, 609R 
Protolophotes, 608R 
Protomalus, 612L 
Protomazama, 642L 
Protopelicanus, 626R 
Protophiomys, 638L 
Protophocaena, 643 R 
Protoplatyrhina, 599R 
Protoplotus, 626R 
Protoproviverra, 628R 
Protopsetta , 61 1L 
Protopteraspis, 595R 
Protopterus, 153, 612L 
Protoptychidae, 635 R 
Protoptycbus, 635R 
Protoreodon, 514, 640R 


Protorhampbosus, 608 R 
Protornis, 625L 
Protorobippus, 644R 
Protorosauria, 265, 619L 
Protorosauridae, 619L 
Protorosaurus, 253, 265, 266, 
619L 

Protorothyridae, 193-198, 
201, 211, 363, 420, 
615L 

Protorothyrididae, 615L 
Protorotbyris, 196, 197, 6151. 
Protoryx, 642R 
Protosauropsis, 603R 
Protoscaphirhynchus, 603L 
Protosciurus , 491, 636L 
Protoselene, 639R 
Protosigana, 61 OR 
Protosiren, 543, 646 L 
Protosirenidae, 543, 646L 
Prutosorex, 63 1L 
Protospermopbilus, 636L 
Protosphargis, 6161. 
Protosphyraena, 603 R 
Protospinax, 75, 76, 599R 
Protospirata, 598L 
Protosqualus, 599R 
Protostega, 213, 616L 
Protostegidae, 616L 
Protosteiromys, 639L 
Protostomes, 21 
Protostomia , 606 R 
Protostomias, 606R 
Protostomiatidae, 606R 
Protostrigidae, 351, 625L 
Protostrix, 625 L 
Protosuchia, 281, 620L 
Protosuchidae, 620L 
Protosuchus, 278, 281, 620L 
Protosyngnathus, 608R 
Prototapir, 531 
Prototheria, 419, 627L 
Prototberium, 646L 
Prototocyon, 634R 
Prototomus, 479, 633L 
Prototomys, 63 7R 
Protozapus, 637L 
Protrachysaurus, 617R 
Protragelapbus, 643L 
Protragocerus, 643L 
Protriacantha, 128 
Protrogomorpha, 635 R 
Protrogomorphous, 490 
Protropidonotus, 618R 
Protungulatum, 449, 

502-504, 639R 
Proturocyon, 634R 
Protylopus, 64 1L 
Protypotherium, 647L 
Protypotheroides, 6301. 
Prouintatberium, 63 1R 
Proumbra, 605 L 
Provaranosaurus, 6181. 
Proviverra, 63 3 L 
Proviverroides, 633L 
Proxestops, 617R 
Prozaedius, 647R 
Prozalambdalestes, 445 
Prozeuglodon , 643 L 
Pruemolepis, 60 1L 
Psaliodus, 60 1L 
Psalodon, 627L 
Psammochelys, 615R 
Psammodontidae, 600 R 
Psammodontiformes, 600R 
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Psammodonts, 80 
Psammodus, 600R, 601L 
Psammolepis, 595R 
Psammoperca, 609L 
Psammosteidae, 34, 595R 
Psammosteus, 595R 
Psepbaspis, 595R 
Psephoderma, 622R 
Psepbodus , 600R 
Psepbophorus, 61 6L 
Psephosaurus, 622R 
Psepburus, 100 
Psettias, 129 
Psettidae, 609R 
Psettodidae, 61 1L 
Psettodoidei, 6 1 1 L 
Psettopsis, 129, 609R 
Pseucolota, 607L 
Pseudacanthodes, 60 1R 
Pseudacris, 615L 
Pseudacrodus, 598R 
Pseudadiantus , 646R 
Pseudadjidauma, 636R 
Pseudaelurus , 634L 
Pseudatnia, 603R 
Pseudamiatus , 603R 
Pseudamphicyon, 635L 
Pseudamphimeryx , 64 1L 
Pscudangular process, 406 
Pseudatiisonchus, 639R 
Pseudantecbinus , 628 R 
Pseudatiteosaurus , 623 L 
Pseudaplodon, 635R 
Pseudaptenodytes , 627L 
Pseudarctos, 635L 
Pseudarctotherium , 635L 
Pseudaxis , 641 R, 642L 
Pseuderemotherium, 647R 
Pseudeumeces, 617R 
Pseudeutatus, 647R 
Pseudeutropius, 606L 
Pseudbalmarhiphus, 628R 
Pseudhapalops, 648 L 
Pseudbesperosuchus , 280, 
620L 

Pseudhipparion, 644R 
Pseudbipposaurus , 623 R 
Pseudbyrax, 647L 
Pseudictopidae, 635R 
Pseudictops, 486 
Pseudoanosteira, 615R 
P seudobeaconia, 602R 
Pseudoberyx, 605L 
Pseudoblastomeryx, 64 1R, 
642L 

Pseudobolodon, 627L 
Pseudoborbyaena, 628L 
Pseudobos, 643 L 
Pseudobranchus, 614R 
Pseudocemophora, 618R 
Pseudoceras, 64 1R 
Pseudocerdiomys , 63 8 R 
Pseudocheirops, 629L 
Pseudocbeirus, 629L 
Pseudochilsa, 605L 
Pseudocivetta, 633 R 
Pseudocorax, 599L 
Pseudocordylodon, 63 1L 
Pseudocricetodon, 637R 
Pseudocyclopidius, 64 1L 
Pseudocylindrodon , 635R 
Pseudocynodictis, 634R 
Pseudocyon , 635L 
Pseudocyonopsis, 63 5 L 
Pseudodesmatochoerus, 641 L 


Pseudodontornis, 626R 
Pseudodyromys , 636R 
Pseudoegertonia, 604R 
Pseudoetringus , 605L 
Pseudoeurycea , 585 
Pscudoextinction, 587 
Pseudogalerix, 630R 
Pseudogaleus, 599L 
Pseudogelocus, 64 1R 
Pseudogenetochoerus , 641 L 
Pseudohegetotherium, 647L 
Pseudoisurus, 599L 
Pseudokoala, 629L 
Pseudolabis, 64 1L 
Pseudolacerta, 617R 
Pseudolates, 609 L 
Pseudoleptauchenia, 64 1L 
Pseudolestodon , 648L 
Pseudolops, 628 R 
Pseudoloris , 470, 632R 
Pseudolycopsis, 628R 
Pseudomerioties, 637R 
Pseudomeryx, 64 1R 
Pseudomesoreodon , 641 L 
Pseudonotictis, 628 R 
Pseudopalaeotherium, 644R 
Pseudopalatus , 619R 
Pseudoparablastomeryx, 64 1R 
Pseudoparamys, 635R 
Pseudopetalichthyda, 596R 
Pseudopetalichthyids, 57 
Pseudopetalichthys, 58, 596R 
Pseudopicrates, 618R 
Pseudoplataeomys , 638R 
Pseudoplesiopidae, 609L 
Pseudoprepotherium, 648 L 
Pseudopriacanthus, 609L. 
Pseudoproceras, 64 1R 
Pseudopromerycocboerus, 
641L 

Pseudoprotoceras, 641 R 
Pseudopteraspis, 595R 
Pseudopterodon , 633L 
Pseudopus , 6 17R 
Pseudorajidae, 600L 
Pseudorasbora, 606L 
Pseudorhineura, 617R 
Pseudorhyncocyon, 630L 
Pseudorhyncocyonidae, 630L 
Pseudoruscionomys, 637L 
Pseudosaurillus, 617L 
Pseudosauripterus , 61 1R 
Pseudoscaris, 610L 
Pseudosciuridae, 63 8 L 
Pseudosciurus, 63 8 L 
Pseudoscopelus, 610L 
Pseudosenola, 609R 
Pseudosinopa, 633 L 
Pseudosphaerodon , 610L, 
610R 

Pseudostegotherium, 647R 
Pseudostenopsochoerus, 64 1 L 
Pseudostylodon, 610L 
Pseudosyngnathus, 608R 
Pseudotetonius, 573, 574 
Pseudotetrapterus, 61 1L 
Pseudotberidomys, 636R 
Pseudothrissops, 603 R 
Pseudothryptodus, 604L 
Pseudothylacynus, 628 R 
Pseudotomus, 63 5 R 
Pseudotragus, 643 L 
Pseudotriakidae, 599L 
Pseudotrichonotidae, 606R 
Pseudotriconodon, 624L 


Pseudotrionyx , 615R 
Pseudotriton, 614R 
Pseudotypothenum, 647L 
Pseudoumbrina, 609 R 
Pseudovomer, 609R, 610L 
Psilacanthus, 598L 
Psilichthys, 602L 
Psilogratnmurus , 629L 
Psilopterus , 625 R 
Psilorhynchidae, 606L 
Psilotrachelosaurus, 61 9L 
Psittacidae, 625L 
Psittaciformes, 350, 625L 
Psittacodon, 60 1L 
Psittacosauridae, 622L 
Psittacosaurus, 310, 622L 
Psittacotherium , 63 1 R 
Psittacus, 625 L 
Psophiidae, 625R 
Psychrolutidae, 609L 
Ptenodracon, 620R 
Pteranodon, 333, 335, 337, 
621R 

Pteraspidae, 595 R 
Pteraspidiformes, 595R 
Pteraspidomorphi, 28-35 
Pteraspids, 33, 34 
Pteraspis, 32, 595R 
Pterichthyodes, 53, 597R 
Pternodus , 598R 
Pterobranchs, 20 
Pt erodes, 625L 
Pteroclidae, 625L 
Pterodactylidae, 620R 
Pterodactyloidea, 337, 620R 
Pterodactylus, 334, 620R 
Pterodaustriidae, 620R 
Pterodaustro, 620R 
Pterodon, 633L 
Pterodroma, 626 R 
Pteroid bone, 334 
Pterolepidops, 596L 
Pterolepis, 596L 
Pteronisculus, 602L 
Pteroniscus, 603 L 
Pterophenus, 61 8R 
Pteroplatea, 600L 
Pteroplax, 613R 
Pteropodidae, 63 1R 
Pterosaur, 327 
Pterosauria, 331— 337, 620R' 
Pteroscyllium, 599L 
Pterospalax, 637R 
Pterospondylus, 621 L 
Pterothrissidae, 604R 
Pterothrissus, 604R 
Pterycollosaurus, 61 8L 
Pterygoboa, 61 8R 
Pterygocephalidae, 608 R 
Pterygocephalus, 608R, 61 OR 
Pterygoid hamulus, 446 
Pterygoideus muscle, 194, 
228,380,381,490 
Pterygolepis, 39, 596L 
Pterygopterus, 602R 
Ptilichthyidae, 610L 
Ptilodontidae, 627R 
Ptilodontoidea, 418, 627R 
Ptilodus, 418, 419, 627R 
Ptilotus, 629L 
Ptolemaia, 630L 
Ptolemiidae, 456, 630L 
Ptomacantbus, 60 1L 
Ptomaspis, 32, 595R 
Ptyas, 235 


Ptycbacanthus, 600R 
Ptychadena, 615R ■> 

Ptycbaspis , 597R 
Ptychoceratodus, 612L 
Ptycbocheilus, 606L 
Ptychodictyon, 60 1R 
Ptycbogaster, 616L 
Ptycholepidae, 602R 
Ptycholepiformes, 602R 
Ptycholepis, 602R 
Ptychopleurus, 600 L 
Ptychoprolagus, 63 9L 
Ptychoramphus, 626R 
Ptychotrigon, 600L 
Ptyctodontida, 49, 54, 596R 
Ptyctodontidae, 596R 
Ptyctodopis, 596R 
Ptyctodus, 596R 
Ptyonius, 175, 614L 
Ptyssopborus , 637R 
Puboischiofemoralis: 
externus, 288, 385, 386 
internus, 288, 385, 386, 
397 

Pucabatis, 600L 
Pucapristis, 600L 
Puffbirds, 351 
Puffers, 130 
Puffinus, 626R 
Pugiodens , 63 9R 
Pultiphagnoides, 643 L 
Punctuated equilibrium, 
570-575 
Pungitius , 608R 
Puntanotherium, 646R 
Puntius, 606L 
Puppigerus, 61 6L 
Purgatorius, 449, 467, 632L 
Purranisaurus, 620L 
Purrusaurus , 620L 
Putanipterus, 620R 
Putoranaspis, 595R 
Putorius, 634L 
Putterillia , 61 3L 
Pychaspis, 595R 
Pychnodus, 603 R 
Pycnodontidae, 603L 
Pycnodontiformes, 109, 603L 
Pycnodus, 109, 603 R 
Pycnolepis, 595R 
Pycnomicrodon, 603R 
Pycnosterinx, 608L 
Pycnosteroides, 128, 608L 
Pycnosteroididae, 128, 608L 
Pycnosteus, 596R 
Pygaeus, 61 OR 
Pygathrix, 632R 
Pygidiidae, 606R 
Pygmy possums, 436, 437 
Pygmy right whales, 525 
Pygmy whales, 525 
Pygopodidae, 231, 617L 
Pygopteridae, 602L 
Pygopterus, 602L 
Pygoscelis, 627L 
Pygostyle, 342 
Pyknolepidus, 607R 
Pyramiodontberium , 648 L 
Pyramios, 629L 
Pyramodontidae, 607R 
Pyrenicbtbys, 605 R 
Pyriform fenestra, 461 
Pyritocephalus, 99, 602L 
Pyrodon, 63 1 R 
Pyrotheria, 553, 647L 
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Pyrotheriidae, 647L 
Pyrotherium, 553, 647R 
Python , 61 8R 
Pythons, 237 

Qaruttavus, 630L 
Qataraspis , 597R 
Qianshanosaurus , 618L 
Qingmenaspis, 596L 
Quadrodens, 630R 
Quail, 350 

Quantum evolution, 575 
Quasipetalichthys, 596R 
Quebecaspis, 597L 
Quebecius, 146, 61 1R 
Querandiornis , 624R 
Quercyailurus, 634L 
Quercygale, 63 3 R 
Quercymys, 639 L 
Quercytherium, 633L 
Quereyrallus, 626L 
Questosaurus , 62 1R 
Quetzalcoatlus, 332, 337, 
621L 
Quica, 62 8 L 
Quinkaita, 620R 
Quipollornis, 625L 
Quisque, 605 L 
Qurliqnoria, 643L 

RAB. 5'ee Retractor arcuum 
branchialium 

RD. See Retractor dorsalis 
Rabaticeras, 643 L 
Rabbit-eared bandicoot, 
436 

Rabbits, 488, 489 
Rabidosaurus, 623 R 
Raccoons, 482 
Rachiosteidae, 597R 
Rachiosteus, 597R 
Rachycentridae, 609R 
Radamas, 598L 
Radamus , 600R 
Radial cleavage, 21 
Radotina, 56, 596R 
Raemeotherium, 629L 
Ragnarok, 639R 
Raia , 600L 
Rails, 353 
Raja, 78, 600L 
Rajiidae, 599R 
Rajoidea, 78, 599R 
Rakomeryx, 64 1R 
Rakomylus, 64 1L 
Ralli, 62 5 R 
Rallicrex, 626L 
Rallidae, 353, 625R 
Rallus, 626L 
Ramamorphs, 473, 474 
Ramapithecus , 473, 633L 
Ramoceros, 642L 
Ramonellns , 614L 
Ramphodus , 596R 
Ramsayia, 629L 
Ram , 185, 6151. 

Rangifer , 642L 
Raniceps, 607R 
Ranidae, 185, 615L 
Rankinian, 607R 
Raoella , 640L 
Rapamys, 635R 
Rapator , 621 R 
Rapbenacodns, 643L 
Raphicerus , 643L 


Raphiosaurus, 604R 
Rapbus, 625L 
Rasbora , 606L 
Rat fish, 78 
Rat kangaroo, 437 
Ratites, 347-349 
Rats, 490 
Rattlesnakes, 237 
Rattus, 63 7 R 
Ratufa, 636L 
Rauisuchia, 619R 
Rauisuchidae, 274, 619R 
Rauisuchus , 619R 
Raidringueletia , 647L 
Rebbachtsaurus, 621R 
Recbnisaurus, 623 L 
Recurvirostra, 626L 
Recurvirostridae, 354, 626L 
Redfieldia , 101, 602R 
Redfieldiidae, 602R 
Redfieldiiformes, 101, 602R 
Redfieldius, 602R 
Redunca, 643L 
Reflected lamina of the 
angular, 394, 406 
Regalecidae, 608 R 
Regenius , 606 R 
Regina, 618R 
Regisaurus, 378, 623R 
Reithrodon , 637R 
Reithrodontomys, 637R 
Reithroparomys, 635R 
Relationships, method for 
establishing, 5—10 
Remicidus , 630L 
Remigolepis, 53, 597R 
Remiornis, 626L 
Remoras, 129 
Remys , 63 8L 
Repomys , 637R 
Reproduction: 

in Chondrichthyes, 63 
in dinosaurs, 309, 325 
in early amniotes, 192, 
196-198 

in ichthyosaurs, 251, 257, 
258 

in marsupials, 443-445 
in modern amphibians, 182 
in monotremes, 420 
in placental mammals, 
443-445 
in placoderms, 55 
in primitive mammals, 412 
in primitive tetrapods, 165, 
166 

in primitive vertebrates, 18 
Reproductive system, 18-20 
Reptilia, 615-624 
Respiration: 
in actinopterygians, 97 
in amphioxus, 19 
in birds, 343 

in modern amphibians, 181, 
182 

in primitive tetrapods, 161 
in therapsids, 380 
Restes, 61 8L 
Reticulolepis, 602L 
Retractor arcuum 

branchialium, 120, 123 
Retractor dorsalis, 120, 121, 
126 

Retropinnidae, 605R 
Revilliodia, 63 2 L 


Rewana, 613L 
Rhabdiodus, 60 1L 
Rhabdiolepis , 612L 
Rbabdobunus, 646L 
Rbabdoderma, 147, 612L. 
Rhabdodermatidae, 612L 
Rhabdodon, 622L 
Rhabdofario, 605 R 
Rhabdognatbus, 620L 
Rhabdolepidae, 601R 
Rhabdolepis, 601 R 
Rhabdomys, 63 7R 
Rhabdopelix , 617L 
Rbabdopleura, 20 
Rbabdosaurus, 620L 
Rhabdosteidae, 525, 643R 
Rhabdosteus, 643 R 
Rbachaeosaurus, 620L 
Rbacbianectes, 644L 
Rhachianectidae, 644L 
Rhachiaspis, 595 R 
Rhachiocephalus , 623R 
Rhacolepis, 604R 
Rhacophoridae, 615L 
Rhacophorus , 615L 
Rbadamista , 61 2L 
Rbadinacantbus, 60 1L 
Rhadinichthyidae, 60 1R 
Rbadinichtbys, 601 R 
Rbadinoniscus, 601R 
Rbadinorbinus , 644R 
Rhadinosucbus, 619R 
Rhadiodromus , 623R 
Rhaeticonia, 619L 
Rhagamys , 63 7R 
Rbagapodemus, 637R 
Rbagatherium, 640R 
Rbamnubia , 609 R 
Rbampbodontus , 596R 
Rhampbodopsis, 55, 596R 
Rhampbodus , 596R, 600L 
Rbamphognatbus, 607R 
Rhamphorhynchidae, 336, 
620R 

Rhamphorhynchoidea, 

331-334, 336, 337, 
620R 

Rhampborhynchus, 334, 336, 
337, 620R 

Rbampbornimia, 607L 
Rbampbostoma , 620R 
Rbampbostopsis , 620R 
Rbamphosucbus, 620R 
Rbamphosus, 61 OR 
Rhampodus , 600R 
Rbamposaurus , 618L 
Rharbichtbys, 606R 
Rheas, 347-349 
Rbegminornis, 625 L 
Rbegnopsis, 644L 
Rheidae, 349, 624R 
Rheiformes, 349, 624R 
Rhcnanida, 49, 55, 56, 57, 
596R 

Rhenonema, 597L 
Rbenopithicus , 6331. 

Rhesus , 632R 
Rhetechelys , 616L 
Rhina, 599R 
Rhinal fissure, 446 
Rhinatrematidae, 614L 
Rhineastes, 606L 
Rbineceps, 613L 
Rhinellus, 606 R 
Rbinemys , 615R 


Rhinesuchidae, 613L 
Rhinesuchoidea, 173, 613L ' 
Rhinesuchoides, 613L 
Rhinesuchus, 169, 6131. 
Rhineura, 617R 
Rhineuridae, 234, 617R 
Rbinicbthys, 606L 
Rhinidae, 599R 
Rhinobatidae, 599R 
Rhinobatoidea, 77, 599R 
Rbinobatos , 599R 
Rbinobatus, 66, 599R 
Rbinocepbalus, 607R 
Rbinocerocepbalus, 623R 
Rbinocerolopbiodon, 645 L 
Rhinoceros, 532, 645R 
Rhinocerotidae, 531, 532, 
645 R 

Rhinocerotoidea, 530—532, 
645 L 

Rhinochelys , 616L 
Rhinochimaeridae, 78, 601 L 
Rhinocodontidae, 598 R 
Rhinocricetus , 637R 
Rbinocryptis, 612L 
Rhinodicynodon, 623R 
Rhinodipterus, 612L 
Rhinogradentia, 487 
Rhinolophidae, 63 1R 
Rhinolophoidea, 63 1R 
Rhinolopbus, 464, 63 1R 
Rbinonycteris, 63 1R 
Rhinophrynidae, 185, 614R 
Rhinopbrynus , 614R 
Rhinoptera, 600L 
Rhinopteraspis, 595R 
Rhinopteridae, 600L 
Rhinosauriscus , 613R 
Rhinosaurus, 618L 
Rhmosteus, 597R 
Rhinotitan, 644R 
Rhiodenticulatus, 615L 
Rhipaeosauridae, 615L 
Rhipaeosaurus, 615L 
Rhipidistia, 136, 138-146, 
153, 154, 579, 580, 
611R 
Rhipis, 612L 
Rhizodontidae, 61 1R 
Rhizodus, 61 1R 
Rhizomyidae, 638 L 
Rhizomyoides, 63 8 L 
Rhizornys, 638L 
Rbizophascolonus, 629L 
Rhizoprinodon, 599L 
Rbtzospalax, 637R 
Rbodanogekko, 617L 
Rbodanomys, 63 6R 
Rbodopagus, 645 L 
Rboetosaurus, 62 1R 
Rbomaleosaurus, 619L 
Rbomarcbus, 608 R 
Rhomarus, 605 L 
Rhomboderma , 601 L 
Rhombodus, 600L 
Rhombomylus, 635R 
Rhombopterygia, 599R 
Rbomboptychius, 61 1R 
Rhombus, 61 1 L 
Rhone bus, 61 OR 
Rhopalodon, 623L 
Rbopalorbinus, 623 L 
Rhyacichthyidae, 610R 
Rbymodus, 600R 
Rbyncbaeites , 626L 


Rhynchippus , 646R 
Rhynchobatidae, 599R 
Rhynchobatoidea, 599R 
Rbynchobatus, 599R 
Rbynchocyon, 487, 586, 630L 
Rhyrtcbodercetis, 606R 
Rhynchodipteridae, 153, 612L 
Rbyncbodipterus, 153, 612L 
Rhyncbodontus, 596R 
Rbynchodus, 596R 
Rbyncbognatbis , 596R 
Rhyncholepis, 39, 596L 
Rhyncbonkos , 179, 183, 188, 
614L 

Rbyncborinus, 604R 
Rhynchosauria, 264, 

266-268, 61 9R 
Rhynchosauridae, 619R 
Rhynchosaurus , 619R 
Rhynchosteus, 596R 
Rbyncbntberium , 645R 
Rhyncotragus , 643L 
Rhynochetidae, 625R 
Rbynotragus, 643L 
Rbypbodon , 646R 
Rhytidodon, 619R 
Rhytidosteidae, 613L 
Rhytidosteoidea, 613L 
Rbytidosteus, 613L 
Rhytisodon, 643 R 
Rhytmias, 609R 
Riacama, 625 R 
Ribodon, 544, 646L 
Ribs: 

of cynodonts, 383, 388, 396 

of gliding reptiles, 220, 229, 
230 

of primitive tetrapods, 159 

of rhipidistians, 145 
Ricardolydekkeria, 647L 
Rice eels, 129 
Richardsonius, 606L 
Ricnodon , 614L 
Riebeeckosaurus, 623L 
Right whales, 525 
Ringima, 596R 
Ringueletia , 647R 
Rinodus, 596R 
Riojasaurus , 298-300, 621R 
Riojasucbus, 272, 275, 619R 
Rita, 606L 
Ritteneria, 63 6R 
Rixator , 60 8 R 
Roadrunners, 350 
Robertia, 623 R 
Robertiidae, 623 R 
Rockycampacanthus , 601R 
Rodentia, 450, 485, 489-495, 
635R 

Rodeus, 606L 
Rogenia, 607R 
Rogenites , 607R 
Rohonosteus, 596L 
Rolfosteus, 597L 
Rollers, 351 

Romainvillia, 354, 626R 
Romanocastor, 636 L 
Romeria, 615L 
Romeriidae, 193 
Romeriscus , 613R 
Romerodus, 598L 
Romundina, 55, 56, 596R 
Ronquillomys, 636R 
Ronzotberium, 645 R 
Rooneyia, 632R 
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Rorquals, 525 
Rosasia, 615R 
Rostal cartilages, 55 
Rostratulidae, 626L 
Rotbaniscus, 615L 
Rothia, 615L 
Rotsikuellaspis, 596L 
Rotundomys , 637R 
Roveretornis , 624R 
Roxocbelys, 615R 
Rubidgea, 623 R 
Rubidgina, 377, 623 R 
Rubiesichtbys, 605R 
Rucervus, 641 R 
Ruminantia, 510-512, 516, 
641R 

Rupicapra, 643L 
Ruppelianus , 607L 
Rwsa, 64 1R 
Ruscinomys, 637R 
Rusconiodon , 624L 
Russellagus, 639L 
Russellites, 639R 
Russellopheidae, 618R 
Russellopbis, 618R 
Ruticeros, 643 L 
Rutilus, 606L 
Rutiodon , 619R 
Rutitberium, 64 1R 
Rytiodus, 646 L 

Saarolepis , 596L 
Saaremaaspis, 596L 
Sabadellictis, 634R 
“Saber-toothed” cats, 482, 
483 

Sabrinacantbus, 60 1L 
Saccopharyngidae, 604R 
Saccopharyngoid eel, 117 
Saccostomus, 638L 
Sachalinocetus , 643 R 
Sadypus, 647R 
Sagenodontidae, 612L 
Sagenodus , 151, 612L 
Sagbatberium, 646L 
Sagittariidae, 351, 625L 
Sahelinia, 605L 
Saicbania , 622L 
Saidomys, 63 8L 
Saiga, 643L 
Sakya, 616L 

Salamanders, 165, 180—182, 
184-186 

Salamandra , 182, 61 4R 
Salamandridae, 186, 614R 
Salamandrina, 614R 
Salamandroidea, 614R 
Salangidae, 605R 
Salmo, 605 R 
Salmodium , 605R 
Salmon, 119 
Salmonidae, 119, 605R 
Salmonoidei, 605R 
Saimoniformes, 119, 605L 
Saltasaurus, 62 1R 
Saltenia , 614R 
Saltoposuchidae, 620L 
Saltoposucbus, 275, 280, 
620L 

Saltopus, 62 1L 
Salummphocaena , 643 R 
Salvadora , 61 8R 
Salvelinus, 605 R 
Samokeras, 643L 
Samotberium, 642L 


Sancbaspis, 596L 
Sanctimus, 636R 
Sand grouse, 350 
Sand pipers, 354 
Sandalodus, 600R 
Sandar , 609L 
Sandroserrus, 609L 
Sandtiger shark, 76 
Sangamona, 642L 
Sangiaspis , 596L 
Sangusaurus, 623 R 
Sanidaspis, 595R 
Sanitbermm, 640L 
Saniwa , 618L 
Saniwides, 61 8L 
Sansanailurus, 634L 
Sansanictis , 634L 
Sansanosmilus, 634L 
Santaisaurus, 615L 
Santanadactylus, 62 1L 
Santosius, 609L 
Sapbeosaurus, 226, 616R 
Sarcocyon , 635L 
Sarcodon, 63 1L 
Sarcolemur, 639R 
Sarcolestes, 314, 622L 
Sarcophilus, 435, 628 R 
Sarcoprion, 69, 598L 
Sarcopterygians, 84, 90, 94 
Sarcopterygii, 136-155, 61 1 R 
Sarcorampbus, 626R 
Sarcosaurus, 62 1L 
Sarcosucbus, 620L 
Sarda, 610R 
Sardinella, 605L 
Sardines, 118 

Sardinius, 121, 122, 606R, 
607L 

Sardinoides , 122, 607L 
Sardinoididae, 607L 
Sarginites, 604L 
Sargodon, 603L 
Sargus , 609R 
Sarigua, 628 L 
Sarkastodon, 633L 
Sarmata, 61 OR 
Sarmatella, 605L 
Sarmatodelpbis, 643 R 
Sarmatosula, 626R 
Sassenia , 612L 
Sassenisaurus, 613L 
Sastrilopbus, 645L 
Satanellus, 628R 
Satberium, 634R 
Saturninia, 630R 
Sauranodon , 616R 
Sauravus , 614L 
Saurerpeton, 612R 
Saurerpetontidae, 170, 61 2R 
Saurichthyidae, 602R 
Saurichthyiformes, 99, 602R 
Saurichtbys, 99, 602R 
Saurillodon, 617L 
Saurillus, 617L 
Sauripteris, 6 1 1 R 
Sauripterus, 61 1R 
Saurischia, 289-302, 621L 
Saurischian pelvis, 289 
Sauriscbiocomes, 615R 
Sauriscus, 617R 
Saurocepbalus, 604L 
Saurocetus, 643R 
Sauroctonus, 623 R 
Saurodelpbis , 643 R 
Saurodon, 604L 


Saurodontidae, 604L 
Saurolopbus, 622L y 
Sauromalus, 617L 
Sauromorus, 617R 
Sauropelta, 622L 
Sauropleura, 177, 178, 614L 
Sauroplites, 622L 
Sauropoda, 299-302, 62 1R 
Sauropodomorpha, 297-302, 
62 1R 

Sauropterygia, 200, 241-248, 
619L 

Saurorhampbus , 606R 
Saurornithoides, 62 1L 
Saurornithoididae, 292-294, 
62 1L 

Saurornitbolestes, 62 1L 
Saurorbynchus, 602R 
Saurospbargis, 622R 
Saurosternon, 221, 223, 225, 
229, 617L 
Saurostomus, 603 R 
Saurosuchus, 275, 619R 
Sawfish, 77 
Saxonella, 632L 
Saxonellidae, 632L 
Saxonerpeton , 614L 
Sayimys, 638R 
Saykanomys, 638L 
Scabellia, 647L 
Scaglia, 647L 
Scaldicetus, 644L 
Scalenodon, 624L 
Scalenodontoides , 624L 
Scales: 

of acanthodians, 86 
ctenoid, 67, 123 
cycloid, 104, 152 
cyclomorial, 67 
ganoid, 90 
lepidomorial, 67 
of lung fish, 151 
of neopterygians, 103-105 
placoid, 67 
of primitive 

actinopterygians, 90 
of sarcopterygians, 137, 

145, 146, 152 
of sharks, 67 
Scalopoides, 630R 
Scalopolacerta, 624L 
Scaloposauridae, 377, 378, 
624L 

Scaloposaurus, 624L 
Scalops , 630R 
Scalopus, 630R 
Scaly anteaters, 450, 554, 559 
Scaly tailed flying squirrels, 
492 

Scandentia, 477, 630L 
Scanilepidae, 602L 
Scanilepis, 602L 
Scapanodon, 623L 
Scapanorbyncbus, 599L 
Scapanus, 630R 
Scapbaspis, 595R 
Scapberpeton, 614R 
Scapherpetontidae, 614R 
Scaphium, 120 
Scapbiopus, 614R 
Scaphirhynchus, 100 
Scaphoceros, 643L 
Scapbodus, 603L 
Scapbognatbus, 620R 
Scaphoid, 410 
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Scaphonychimus, 619R 
Scaphonyx, 268, 619R 
Scaptocbirus, 630R 
Scaptogale, 630R 
Scaptobyus, 640L 
Scaptonyx, 63 OR 
Scardmius , 606L 
Scaridae, 610L 
Scaroides , 610L 
Scarrittia, 646R 
Scarus , 610L 

Scatophagidae, 130, 609R 
Scatopbagus, 130, 609R 
Scaumenacia, 153, 612L 
Sceletnphorus , 601 R 
Scelidodon , 648 L 
Scelidosauridae, 622L 
Scelidosaurus , 305, 312, 622L 
Scelidotberium, 648L 
Sceloporus, 617L 
Scenodon, 616R 
Scenopagus, 630L 
Sceparnodott , 629L 
Scbaefferia , 628L 
Scbarschengia, 6 1 6R 
Schaubenemys, 637L 
Schaubia , 633R, 647R 
Schaubitherium , 647R 
Schilbidae, 606L 
Schindleriidae, 610R 
Schindleroidei, 61 OR 
Schinobates , 629L 
Schismotberium, 648 L 
Scbistomys , 63 8 R 
Schizailurus , 634L 
Schizochoerus , 640L 
Schizocoelic, 21 
Schizodelpbis, 643 R 
Schizodontomys , 63 6R 
Scbizolophodon , 645L 
Schizopbagus, 633L 
Schizorhiza, 599R 
Schizospondylus, 603 L 
Schizosteus , 596R 
Schizotherium, 645 L 
Schizotberoides, 645 R 
Schizurichthys, 602R 
Scblosseria, 645 L 
Schlossericyon, 634R 
Schoenfelderpeton, 612R 
Sciaena, 609 R 
Sciaenidae, 609R 
Sciaenops, 609R 
Sciamys , 63 8 R 
“Scimitar toothed” cats, 483 
Scincidae, 231, 61 7R 
Scincomorpha, 230, 231, 

617L 

Scincosauridae, 614L 
Scincosaurus , 614L 
Sciuravidae, 492, 635R 
Sciuravus , 635 R 
Sciuridae, 491, 636L 
Sciurodort, 636L 
Sciurognathi, 635R 
Sciurognathus, 490 
Sciuroidea, 63 6L 
Sciuroides, 63 8 L 
Sciuromorpha, 492, 636L 
Sciuromorphous, 490 
Sciuromys, 638L 
Sciuropterus , 63 6L 
Scturotamias, 636L 
Scwrns, 490, 491, 586, 636L 
Scleracantbus, 61 2L 


Scleroblasts, 23 
Sclerocalyptus , 647R 
Sclerocepbalus, 612R 
Sclerodontidae, 596L 
Sclerodus , 596L 
Sclerolepis , 61 1R 
Scleromochlidae, 61 9R 
Scleromochlus, 336, 61 9R 
Scleromys , 63 8 R 
Scleropages, 604L 
Scleropleura, 647R 
Sclerorhynchidae, 600L 
Sclerorhytichus, 600L 
Sclerosauridae, 615L 
Sclerosaurus, 615L 
Sclerothoracidae, 613L 
Sclerotborax, 613L 
Sclerotic plates, 140 
Scolecomorphidae, 614L 
Scolecophidia, 236, 618L 
Scolenaspis, 596L 
Scoliodon, 599L 
Scoliomus, 623 L 
Scoliorhiza, 598R 
Scolopacidae, 626L 
Scolopodus, 600 L 
Scolosaurus, 622L 
Scomber, 61 OR 
Scomberersus, 607R 
Scomberesox, 607R 
Scomberesocidae, 607R 
Scomberomurus, 61 OR 
Scombramphodon, 610R 
Scombridae, 61 OR 
Scombrittus, 61 OR 
Scombroidei, 610R 
Scombrops, 609R 
Scombropsidae, 609L 
Scombrosarda, 61 OR 
Scopelarchidae, 606R 
Scopelidae, 606R 
Scopellus, 607L 
Scopelogadus, 608 L 
Scopeloides, 606L 
Scopelomorpha, 122, 606R 
Scopelosauridae, 606R 
Scophthalmus, 61 1L 
Scopidae, 626R 
Scopus, 626R 
Scorpaenidae, 608R 
Scorpaeniformes, 132, 608R 
Scorpaenodes, 608R 
Scorpaenoidei, 608R 
Scorpaenoides, 608R 
Scorpaenopterus, 608R 
Scorpididae, 609R 
Scotaeumys, 638R 
Scotamys , 63 8 R 
Scotipbryne, 6I4R 
Scotophilus, 632L 
Scottimus, 637R 
Scraeva, 63 1L 
Scrobodus, 603 L 
Scropha, 612L 
Sculpins, 132 
Scutellosaurus, 305, 312, 
622L 

Scutemys , 616R 
Scutosaurus, 205, 615L 
Scylacognathus, 623 R 
Scylacops, 623 R 
Scyliorhinidae, 599L 
Scyliorhinus, 599L 
Scylliidae, 599L 
Scylliodus, 599L 


Scyllium, 599L 
Scymnorhinidae, 599R 
Scymnorhinus, 599R 
Scymnus, 599R 
Scytalinidae, 610L 
Sea lions, 483 
Sea moths, 127 
Sea snakes, 237 
Seahorses, 127 
Seals, 483 
Searobins, 132 
Sebaceous glands, 411, 412 
Sebastavus, 608 R 
Sebastes, 132 
Sebastinus, 608 R 
Sebastodes, 608 R 
Sebastoessus, 608 R 
Sebecidae, 283, 620R 
Sebecus, 283, 620R 
Secernosaurus, 622L 
Secodontosaurus, 622R 
Secondary dentine, 55 
Secondary palate: 
in crocodiles, 277 , 283 
in cynodonts, 380, 389 
in therocephalians, 377 
Secretary bird, 351 
Securiaspis, 596L 
Sedenborstia, 604R 
Sedimentation, rates and 
regularity, 571, 572 
Sedowichthys, 597R 
Segisaurus, 62 1L 
Segnosauridae, 621 R 
Segnosauria, 314, 315 
Segnosaurus, 314, 315, 621R 
Selachidea, 598R 
Selatherium, 647L 
Selenaletes, 645 L 
Selenarctos, 635 L 
Selenoconus, 646R 
Selenodont, 510 
Selenolopbodon, 645 L 
Selenomys, 63 6L 
Selenoportax, 643 L 
Selenosteidae, 597R 
Selenosteus, 597R 
Seleviniidae, 636R 
Sellosaurus, 62 1R 
Selota, 607R 
Semantor, 484 
Semi-circular canals, 31, 36, 
38, 49, 165 
Semicuon, 634R 
Semigenetta, 633 R 
Semilunar ganglion, 392, 403 
Semionotidae, 107, 108, 603L 
Semionotiformes, 603 L 
Semionotus, 107, 603L 
Semiopborus, 609R 
Semnopitbecus, 63 2 R 
Semotilus, 606L 
Senetia, 648 L 
Sensory barbels, 100, 102 
Sensory capsules, 22 
Sensory fields of cephalaspids, 
36 

Serenageticeros, 645R 
Seretaspis, 595R 
Seriola, 129, 609R 
Seriolidae, 609R 
Serpentes, 234-238, 618L 
Serranidae, 609L 
Sen anus, 609 L 
Serratodus , 60 1L 


Serrivomeridae, 604R „ 

Serrolepis, 603 L 
Sesamodon, 624L 
Seserimus, 6 1 1 L 
Sespedectes, 630L 
Sespemys, 63 5 R 
Sespia, 64 1L 
Setonix, 629L 
Seudenius, 646R 
Seumadia, 628 R 
Sewellel, 491 
Sexual dimorphism, 374 
Sexual selection, 31 1 
Seymouria, 168, 169, 

174-176, 196, 613R 
Seymouriamorpha, 613R 
Seymouriidae, 176, 613R 
Shad, 118 
Sbamolagus, 63 9L 
Shamosuchus, 620L 
Shanshanosauridae, 621 L 
Shanshanosaurus, 62 1L 
Shansiodon, 623R 
Sbansisucbus, 61 9R 
Sbansitberium, 642L 
Sbantungosaurus, 622L 
Shantungosuchus, 620L 
Sharamynodon, 645L 
Sbaremys, 6 16L 
Sharks, 63-77 
Sharpnose shark, 76 
Shastasauridae, 622R 
Shastasaurus, 255, 622R 
Shearsbyaspis, 596R 
Shearwaters, 356 
Shecenia, 647L 
Shelania, 614R 
Sbensispira, 643L 
Shihtienfenia, 615L 
Sbikamainosorex, 630R 
Shirolepis, 6 1 1 R 
Shomronella, 165 
Shonisaurus, 255, 257, 622R 
Shosbonius, 63 2R 
Shrews, 460—462 
Shunosaurus, 300, 301, 621R 
Shuotherium, 427, 627R 
Sburcabroma, 597R 
Sbweboemys, 212, 615R 
Sianodon, 645 L 
Siberiaspis, 595R 
Sibyrhynchidae, 60 1L 
Sibyrhyncbus, 81, 60 1L 
Sicartus, 60 1L 
Sicista, 63 7L 
Siderops, 613L 
Sieboldia, 614L 
Siganidae, 61 OR 
Sigaspis, 48, 49, 51, 59 7L 
Sigmala, 616R 
Sigmodon, 490, 63 7R 
Sigmodus, 61 1R 
Sigmopharyngodon, 606L 
Signeuxella, 604L 
Sigurdia, 596L 
Sika, 64 1R 
Sillaginidae, 609L 
Sillago, 609L 
Silphoictidoides, 623R 
Siluridae, 606L 
Siluriformes, 119, 606L 
Silurus, 606L 
Silversides, 127 
Silvisaurus, 622L 
Simamphicyon, 633R 
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Sitnatherium , 643 L 
Simblaspis, 597L 
Simenchelyidae, 604R 
Sirnia, 633L 
Simidectes, 63 OL 
Simila, 616R 

Similihariotta, 79, 80, 601L 
Similisciurus, 636L 
Simimeryx, 517, 641R 
Simimyidae, 63 7L 
Simimys, 63 7L 
Simobison , 642L 
Simocyon, 635L 
Simoedosaurus , 224, 616R 
Simolestes, 619L 
Simoliopheoidea, 618L 
Simoliophidae, 236, 618L 
Simoliophis , 618L 
Simonimys, 63 8 R 
Simopithecus , 632R 
Simopteraspis , 595R 
Simorhinella, 624L 
Simorhinellidae, 624L 
Simosauridae, 619L 
Simosaurus, 245, 61 9L 
Simosteus, 597L 
Simosthenurus, 629L 
Simplaletes, 645 L 
Simplimus, 63 8 R 
Simpsonodon, 627R 
Simpsonotus, 646 R 
Sinacanthus , 60 1R 
Sinanas , 626R 
Sinanthropus, 633 L 
Sinaspideretes, 61 6L 
Sinclairella, 63 OL 
Sinclairomeryx, 64 1R 
Sinemydidae, 616R 
Sinemys, 616R 
Singida, 604L 
Singidididae, 604L 
Simctis, 634R 
Sinobrachyops, 613L 
Sinocastor, 636L 
Sinochelys , 615R 
Sinocoelacanthus, 612L 
Sinocoelurus, 62 1L 
Sinoconodon , 413, 420, 627L 
Sinoconodontidae, 627L 
Sinocuon, 634R 
Sinoeugnathus, 603R 
Sinogaleaspis, 596L 
Sinoglossus, 604L 
Sinognathus, 624L 
Sinohadrianus, 616R 
Smohippus, 644R 
Sinokannemeyeria, 623L 
Sinolagomys, 639 L 
Sinolcpidae, 597R 
Sinolepis, 53, 597R 
Sinornegaceras, 642L 
Sinornegaceroides, 642L 
Sinopa, 479, 633L 
Sinopliosaurus, 619L 
Sinoreas , 643 L 
Sinoryx, 643 L 
Sinosaurus, 619R 
Sinosemionotus , 603L 
Sinosinopa, 63 1L 
Sinostylops, 646R 
Sinoszechuanaspis, 596L 
Sinotragus, 643L 
Sipalocyon, 628R 
Sipalus, 629L 


Siphateles, 606L 
Siphneus, 637L 
Siphonocetus, 644L 
Siphonostoma, 608R 
Sipmogomphius, 636L 
Siren, 614R 
Sirenavus, 646L 
Sirenia, 450, 543—545, 646L 
Sirenidae, 182, 186, 614R 
Sironectes, 61 8L 
Sisoridae, 606L 
Sister group, 5 
Sitta , 625R 
Sittidae, 625 R 
Sivacanthion, 638L 
Sivacapra, 643L 
Sivaceros , 643 L 
Sivachoerus, 640L 
Sivacobus, 643 L 
Sivadenota, 643L 
Sivaelurus, 634L 
Sivafelis, 634L 
Sivahyus , 640L 
Sivaladapis, 469 
Sivalictis, 634R 
Sivalikia, 646L 
Sivamellivora, 634L 
Sivanasua, 634R 
Sivaonyx, 634R 
Sivapithecus, 473, 474, 633L 
Sivaportax, 643 L 
Sivapterodon, 633 L 
Sivasmilus, 634L 
Sivathcriinae, 519 
Sivatherium, 642L 
Sivatitanops, 644R 
Sivatragus, 643 L 
Sivoreas, 643 L 
Sivoryx, 643 L 
Siwalikosorex, 63 1L. 

Siyingia, 596L 
Skamolepis, 596L 
Skates, 78 

Skeletal tissues, 22, 23 
Skinks, 23 1 
Slaughenhopia, 612R 
Slaughteria , 628 L 
Slime hags, 39 
Sloanbaatar, 627R 
Sloanbaataridae, 627R 
Sloths, 554 
Slow worm, 231 
Smelts, 119 
Stnerdis, 609L 
Smilesaurus, 623 R 
Smilodectes, 468, 469, 632L 
Smilodon, 483, 634L 
Smilodontidion, 634L 
Smilodontopsis, 634L 
Sminthoides, 63 6 R 
Stninthopsis, 436, 628 R 
Sminthosinus, 634R 
Stnmthozapus, 637L 
Smithites, 605L 
Snakeheads, 129 
Snakes, 224 
Snipe, 354 
Snooks, 129 
Socnopaea, 606L 
Soederberghia, 153, 612L 
Soergelia, 643 L 
Sokotochelys, 615R 
Sokotosaurus, 620L 
Sokotosuchus, 620L 


Sole, 130 
Solea, 130, 61 1L 
Soleidae, 61 1 L 
Soleioidei, 61 1L 
Solenocytes, 19 
Solenodon, 461, 606R 
Solenodonsauridae, 176, 198, 
613R 

Solenodonsaurus, 613R 
Solenodus, 600R 
Solenognathus, 605R 
Solenorhynchus, 608 R 
Solenostomidae, 608 R 
Solitaire, 347, 350 
Solnhofia, 616R 
Somniosus, 599R 
Sonar, 463, 464, 522, 525 
Songanella, 603 R 
Sonogrus, 625 R 
Sonohyus, 640L 
Sordes , 335, 620R 
Sorex, 63 1L 
Soricella, 63 1L 
Soricidae, 461, 630R 
Soricidens, 606L 
Soricoid, 461 
Soricoidea, 630R 
Soricomorpha, 461, 630R 
Soriculus , 63 1L 
Soup fin shark, 76 
South American anteaters, 
555, 559 
Spadefishes, 129 
Spalacoidea, 638L 
Spalacotheriidae, 427, 627R 
Spalacotherium, 427, 627R 
Spalacotheroides, 427, 627R 
Spalax, 637R 
Spamella, 639R 
Spaniomys, 63 8 R 
Spanocricetodon, 63 7R 
Spanoxyodon, 63 9 R 
Sparactolambda, 63 1R 
Sparassocynus, 432, 628L 
Sparidae, 609R 
Sparnodus, 609R 
Sparodus, 614L 
Sparosoma, 609R 
Sparus, 609R 
Spathicephalus , 612R 
Spathiurus, 604L 
Spathobatis, 77, 599R 
Spathodactylus, 604L 
Spathorhynchus, 234, 617R 
Speciation, 12, 13, 570, 572, 
576,577 

Species recognition, 309 
Species selection, 576, 577 
Spectacle, 235 
Sperm whales, 525 
Spermatodus, 612L 
Spermatophore, 182 
Spermophilinus, 636L 
Spermophilus, 636L 
Sphaerodactylus, 61 7L 
Sphaerodus, 603L 
Sphaerolepis, 601 R 
Sphagepoea , 60 1L 
Sphargis, 61 6L 
Sphenacanthus, 598L, 598R 
Sphenacodon, 365, 622R 
Sphenacodontidae, 365, 366, 
622R 

Spheniscidae, 627L 


Sphenisciformes, 356, 357,* 
627L 

Spheniscus, 627L 
Sphenocephalidae, 607L 
Sphenocephaloidei, 607L 
Sphenocephalus, 125, 607L 
Sphenocoelus, 644R 
Sphenodon, 195, 217, 221, 
223, 224-227, 586 
Sphenodonta, 61 6R 
Sphenodontida, 226-228, 268 
Sphenodontidae, 616R 
Sphenodus, 599L 
Sphenolepis, 605 R 
Sphenomeryx, 639R 
Sphenonchus, 598L 
Sphenophalos, 642L 
Sphenopsalis, 627R 
Sphenosaurus, 620R 
Sphenosuchia, 279, 280, 620L 
Sphenosuchidae, 620L 
Sphenosuchus, 279, 280, 620L 
Sphenotherus , 648L 
Sphodrosaurus, 615L 
Sphyraena, 610L 
Sphyraenidae, 610L 
Sphyraenidei, 610L 
Sphyraenodus, 61 OR 
Sphyrna, 599L 
Sphymidae, 599L 
Spilocuscus, 629L 
Spilogale, 634R 
Spinacites, 608L 
Spinal nerves, 18, 36 
Spinax, 599R 
Spinocorhinus, 600R 
Spinogadus, 607L 
Spinosauridae, 294, 621 L 
Spinosaurus, 296, 62 1L 
Spiny eels, 117 
Spiny teleosts, 122-132 
Spiracle, 75-77, 93, 139, 165 
Spiral cleavage, 21 
Spirocerus, 643 L 
Spodichthys, 61 1R 
Spondylerpeton, 613R 
Spondylisoma, 609R, 62 1L 
Spondylolestes, 615L 
Sporadotragus, 643 L 
Sporelepis, 61 1R 
Spratte hides, 605L 
Spratticeps, 118 
Spratus, 605 L 
Spring hare, 492 
Spurimus, 636L 
Squalicorax, 599L 
Squalidae, 599R 
Squalius, 606L 
Squalodelphidae, 525 
Squalodelphis, 643 R 
Squalodon, 643 R 
Squalodontidae, 525, 643R 
Squalodontoidea, 525 
Squaloidea, 599R 
Squaloids, 75 

Squalomorpha, 75, 77, 599R 
Squaloraia, 600R 
Squalorajidae, 600R 
Squalorajoidei, 79, 600R 
Squalus, 66, 72, 73, 75, 599R 
Squamata, 228-238, 241, 

617L 

Squatina, 70, 71, 599R 
Squatinactics, 70, 598L 


INDEX 


693 


Squatinactida, 70, 71 
Squatinidae, 599R 
Squatinoidea, 599R 
Squatirhina, 598R 
Squat irbyncbus, 598R 
Srinitium, 631 L 
Stachomys , 637R 
Stagodon, 628L 
Stagodontidae, 628L 
Stagonolepididae, 619R 
Stagonolepsis, 270, 273, 274, 
619R 

Stagonosucbus, 619R 
Stahleckeria , 623L 
Stanacanthus, 597R 
Stapedial artery, 450, 468 
Stapes, 160, 170-172, 182, 
257, 394 
Starrias , 610R 
Staurikosauria, 62 1L 
Staurikosauridae, 621L 
Staurikosaurus, 289, 290, 
298, 621L 
Staurodon, 647L 
Staurotypus , 615R 
Steatomys, 638L. 
Steatornithidae, 625L 
Steganodictyum , 595R 
Stegobranchiaspis , 595R 
Stegoceras, 622L 
Stegochelys, 615 R 
Stegodibelodon, 646L 
Stegodon, 646L 
Stegodontidae, 539, 646L 
Stegolepis, 597R 
Stegolopbodon, 646L 
Stegoloxodon, 646L 
Stegomastodon , 646L 
Stegomosuchus, 281, 620L 
Stegomus , 273, 619R 
Stegopelta, 622L 
Stegophilidae, 606L 
Stegops, 612R 
Stegosauria, 312, 313, 622L 
Stegosauridae, 622L 
Stegosaurides, 622L 
Stegosaurus, 305, 312, 313, 
622L 

Stegotetrabelodon, 539, 574, 
646L 

Stegotetrabelodontinae, 539 
Stegotheriopsis , 647R 
Stegotherium, 647R 
Stegotrachelidae, 98, 601R 
Stegotracbelus, 60 1R 
Stegural, 118 
Steblinella, 630L 
Steblinia, 632L 
Stehlinius, 63 0L 
Steinaspis , 595R 
Steinbergia, 605 L 
Steiromys, 639L 
Stelabison, 642 L 
Stellar’s sea row, 543, 544 
Stellio, 6 17L 
Stelliosaurus, 616R 
Stelocyon, 639R 
Stemmatodus, 603R 
Stertanagale, 635L 
Stenaulorhynchus, 619R 
Stenella, 643 R 
Steneofiber, 636L 
Steneosaurus , 620L 
Steneotberium , 636L 


Steno, 643R 
Steneochinus, 630R 
Stenogale , 634L, 634R 
Stenognathus, 597R 
Stenometopon, 619R 
Stenomylus, 64 1L 
Stenonychosaurus , 62 1L 
Stenopelix, 311, 622R 
Stenoplesictis, 633R 
Stenopsochoerus, 64 1L 
Stenopterodus, 600R 
Stenopterygii, 606 R 
Stenopterygiidae, 622R 
Stenopterygius, 582, 622R 
Stenosteus, 597R 
Stenostoma , 608 L 
Stenotatus, 647R 
Stensioella , 49, 58, 596R 
Stensioellida, 47, 596R 
Stensioellidae, 596R 
Stensiorwtus, 603R 
Stensiopelta , 596L 
Stephanoberycidae, 608L 
Stephanoberycoidei, 608 L 
Stephanocemas, 642L 
Stepbanomys, 638L 
Stepbanorbinus, 645R 
Stephanospondylus , 613R 
Steppesaurus , 623 L 
Stercorariidae, 626L 
Stercorarius, 626L 
Stereodelphis , 643R 
Stereodus, 61 OR 
Stereogenys, 615 R 
Stereognathus, 388, 624L 
Stereohippus, 644R 
Stereolepidella, 60 1R 
Stereolepsis, 60 1R 
Stereophallodon, 622R 
Stereojhachis, 622R 
Stereospondyls, 173 
Stereosternum , 615R 
Stereotoxodon, 646R 
Sternbergia , 605L, 628L 
Stemoptychidae, 606R 
Sternoptyx, 606R 
Sternotherus, 615R 
Sternum: 
of birds, 342 
of crocodiles, 278 
of lepidosauromorphs, 221, 
222 

of mammals, 409 
of pterosaurs, 332, 335 
Steropodon, 627L 
Sterropterygion, 61 1R 
Stethacanthidae, 69, 598L 
Stetb acanthus, 598L 
Steurtzaspis, 597L 
Stbenarosaurus, 619L 
Sthenictis, 634R 
Sthenmerus, 629L 
Sthenodectes, 644R 
Stbenurus, 438, 629L 
Stibarus, 640L 
Stick acanthus, 600R 
Stichaeidae, 610L 
Stichaeus, 610L 
Stichoberyx, 608 L 
Stichocentridae, 608L 
Stichocentrus , 608L 
Stichomys, 638R 
Stichopterus, 603L 
Sticklebacks, 127 


Stictophonuss, 628R 
Stigmolepis, 596L 
Stilhippus, 646R 
Stilosoma, 618R 
Stilotherium , 628R 
Stilpnodon, 630R 
Stingray, 78 
Stintonia, 608L 
Stipanicicia, 634R 
Stirtonia , 632R 
Stizostedion, 609L 
Stochastic factors in 
extinction, 588 
Stockia, 632R 
Stockoceros, 642L 
Stokesosaurus , 62 1R 
Stolephorus, 605L 
Stomatosuchidae, 620 R 
Stomatosucbus, 620R 
Stomiakykus, 612L 
Stomiatidae, 606R 
Stomiatiformes, 606R 
Stomiiformes, 121, 606R 
Stonefish, 132 
Storks, 353, 354 
Storm petrels, 356 
Storthyggnathus, 623 R 
Stoscbiosaurus, 613L 
Straitonia, 612L 
Stratodus, 606R 
Streblodus, 600R 
Strenusaurus, 621 R 
Strepheoscbema, 601 R 
Strepsiportax, 643L 
Strepsirhini, 464, 468 
Strepsodus, 61 1R 
Streptospondylus, 295 
Streptostyly: 
of lizards, 228 
of pterosaurs, 332 
Stretch receptors, 165 
Stretosaurus, 619L 
Striacantbus, 601 R 
Striatolamia, 599L 
Strigidae, 625L 
Strigiformes, 351, 625L 
Strigilina, 60 1L 
Strigocuscus, 629L 
Strigosucbus, 620L 
Strinsia, 607R 
Strix, 625L 
Strobilodus, 603R 
Strobodon, 634R 
Strogulognathus, 643 L 
Stromateidae, 61 1L 
Stromateoidei, 61 1L 
Stromateus, 603L 
Stromatherium, 647R 
Stromeriella, 635 L 
Stromerosuchus, 620R 
Strongyliscus, 59 8 R 
Strongylokrotaphus, 619L 
Strongylosteus, 603 L 
Strophodus, 598R 
Stroshipberus, 596L 
Strunius, 146, 147, 61 1R 
Struthio, 349, 624R 
Struthiocephaloides, 623 L 
Struthiocepbalus, 623L 
Strutbiolitbus, 624R 
Strutbiomimus, 292, 293, 
62 1L 

Struthionidae, 349, 624R 
Struthioniformes, 624R 


Strtithionops , 623L 
Struthiosaurus, 622L 
Stuertzaspis, 597L 
Stupendemys, 212, 615R 
Sturgeon, 100 
Stygicbelys, 615 R 
Stygimoloch , 622L 
Stygimys , 627R 
Stylacodon, 627R 
Stylemys, 616L 
Styleophoridae, 608R 
Styleophoroidei, 608R 
Stylinodon, 457, 63 1R 
Stylinodontidae, 63 1R 
Stylochoerus, 640L 
Stylocinus, 628 R 
Stylodon, 627R 
Stylodus, 610L 
Stylognatbus, 628L 
Stylohipparion, 644R 
Stylomuleodon, 603R 
Stypolophus, 633L 
Styptobasis, 598L 
Styracocephalus, 623L 
Styracodus, 598R, 600L 
Styracopteridae, 98, 60 1R 
Styracopterus, 60 1R 
Styracosaurus, 622R 
Styxosaurus, 619R 
Subarculate fossa, 403, 406 
Subcephalic muscles, 138, 
142, 143 

Subcosoryx, 642L 
Subdesmatocboerus, 64 1L 
Subhyracodon, 645R 
Submeryceros, 642L 
Submerycochoerus, 641L 
Suborbital fenestra, 219 
Subparacosoryx, 642L 
Subsumus, 636R 
Subungulate, 536 
Suchosaurus, 620L 
Suckers, 119 
Sudidae, 606R 
Sudis, 606R 
Suevosciurus, 638L 
Sugrivapithecus, 633L 
Suidae, 512, 513, 640L 
Suillomeles, 628 R 
Suina, 640L 
Sula, 626R 
Sulae, 626R 
Sulakocetus, 643 R 
Sulidae, 355, 626R 
Suncus, 63 1L 
Sunfish, 130 
Sunkabetanka, 634R 
Sunosuchus, 620L 
Suoidea, 6401. 

Superbison, 642L 
Superdesmatochoerus, 64 1 L 
Superognathal, 49, 50 
Supracoracoideus muscle and 
tendon, 335, 342, 397 
Supramaxilla, 103 
Supraoccipital, 103 
Supraorbital, 303, 304 
Supraspinatus: 
fossa, 409 
muscle, 397, 409 
Suricata, 633R 
Sus, 640L 
Suspensorium: 

of neopterygians, 102 
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Suspensorium (continued) 

of salamanders, 182 
Svalbardaspis, 596R 
Swainiguanoides, 617L 
Swamp eels, 129 
Sweat glands, 411, 412 
Sweetfish, 119 
Swifts, 351 

Swin bladder, 63, 84, 105, 
120 

physodistous, 123 
Swollen (expanded) neural 
arches, 198, 203 
Swordfish, 129 
Sycium, 637R 
Sycosaurus, 623R 
Syllaemus, 604R, 605L 
Syllomus, 616L 
Sylvilagus, 639L 
Sylviornis , 625L 
Sylvisorex, 63 1L 
Symborodon, 644R 
Symbos, 643L 
Symmetrodonta, 427, 428, 
627R 

Symmetrodontoides, 627R 
Symmetrodontomys, 637R 
Symmoriid, 63 
Symmoriida, 69, 598L 
Symmoriidae, 69, 598L 
Symmorium, 598L, 598R 
Symphodus, 61 0L 
Symphyseal teeth, 69, 70 
Sytnphyssorrhachis, 645L 
Symplectic, 102, 108, 109, 
147 

Symplectocyon , 635L 
Symplesiomorphy, 5 
Symptosuchus , 620L 
Synanceiidae, 608R 
Synaphobranchidae, 604R 
Synapomorphy, 5 
Synapsid, 200 
Synapsida, 362—397, 622R 
Synaptochoerus, 640L 
Synaptodon , 629L 
Synaptolus, 612L 
Synaptomys, 637R 
Synarcual, 47, 56, 77, 78 
Synastrapotherium, 647L 
Synauchenia, 51, 52, 597L 
Synbranchidae, 608R 
Synbranchiformes, 608R 
Syncerus, 643L 
Synconodon , 628L 
Synconolophus, 646L 
Syndactyly, 436 
Syndoceras, 641 R 
Syndyodosuchus , 612R 
Synechodus, 598R 
Synergus, 603 R 
Syngnathidae, 608 R 
Syngnathiformes, 127, 608 R 
Syngnathoidei, 608R 
Syngnathus, 608R 
Synbypuralis, 608R 
Synnentognathi, 607R 
Synocnus , 559 
Synodontaspis , 599 L 
Synodontidae, 121, 606R 
Synodontis, 606L 
Synoplotherium, 643L 
Synorichthys , 602L 
Synosteus, 597L 
Synostocephalus, 623R 


Syntarsus, 290, 291, 621L 
Syntengmodus, 604L 
Synthetoceras, 64 1R 
Synthetodus, 600R 
Syntomodus, 598L 
Syodon , 623L 
Syrmosaurus, 622L 
Syrrhaptes , 625 L 
Syrrhopus , 615L 
Syrtosmilus, 634L 
Sysphinctostoma, 624L 
Systemodon, 645L 
Systolichthys, 602R 
Szeaspis , 597L 
Szechuanaspis , 596L 
Szechuanosaurus, 62 1L 

Tachtypotherium, 647L 
Tachyglossidae, 627L 
Tachyglossus, 420, 444, 627L 
Tachyoryctoides , 638 L 
Tachysuridae, 606L 
Tachysurus, 606L 
Tachytely, 575 
Tadarida, 464, 632L 
Tadorna, 626R 
Tadpoles, 182 
Taemasacanthus, 60 1R 
Taemasosteus, 597L, 597R 
Taeniodonta, 456, 457, 631R 
Taeniodus, 600R 
Taeniolabididae, 627R 
Taeniolabidoidea, 418, 627R 
Taeniolabis, 627R 
Taeniolepis , 597R 
Taeniura , 600L 
Tafilalichthys, 597R 
Talarurus, 622L 
Talonid, 426 
Talpa, 630R 
Talpavoides, 630R 
Talpavus, 630R 
Talpidae, 461, 630R 
Tamandua, 559 
Tamesichthys, 61 OR 
Tamias , 636L 
Tamiasciurus , 636L 
Tamiobates, 598R 
Tamiobatidae, 598R 
Tamiobatis, 66, 600L 
Tamquammys , 638L 
Tanaocrossus, 603 L 
Tanaodus, 601 L 
Tandanus, 606L 
Tangagorgon , 623 R 
Tangaroasaurus, 643 R 
Tangasauridae, 241, 616R 
Tangasaurus, 222, 616R 
Tanius , 622L 
Taniwbasaurus, 61 8L 
Tannuaspis, 596L 
Tanymykter, 641 L 
Tanystropheidae, 619L 
Tanystropheus, 266, 61 9L 
Tanytrachelus , 266, 61 9L 
Taognatbus, 623 R 
Taphochoerus, 640L 
Taphozous, 464, 63 1R 
Taphrosphys, 211, 615R 
Tapinocephalia, 623L 
Tapinocephalidae, 371, 372, 
623L 

Tapinocephalus, 623L 
Tapinochoerus , 640L 
Taptnosteus , 597L 


Tapiravus , 645 L 
Tapiridae, 530, 531, 645L 
Tapiriscus, 645L 
Tapiroidea, 530, 531, 645L 
Tapirus, 530, 531, 645L 
Tapoa, 628 R 
Tapocyon, 633R 
Tarbosaurus , 297, 62 1L 
Tarchia, 622L 
Tardontia, 636L 
Tarentola, 617L 
Tareyaspis, 595 R 
Taricha, 614R 
Tarnomys , 638L 
Tarpons, 116, 117 
Tarrasiida, 98, 99 
Tarrasiidae, 602R 
Tarrasiiformes, 602R 
Tarrasius, 99, 602R 
Tarsichthys, 606L 
Tarsiidae, 470, 632R 
Tarsiiformes, 470, 632R 
Tarsipedidae, 439, 629L 
Tarsius, 470 
Tarsus: 

of archosauromorphs, 264, 
265 

of early amniotes, 1 97 
of early placental mammals, 
447, 448 

of lepidosauromorphs, 225, 
226 

of primitive archosaurs, 

272, 273 

of primitive mammals, 410 
of primitive tetrapods, 163, 
164 

of pterosaurs, 333, 334 
Tartuosteus, 596L 
Tasmanian devil, 435 
Tasmanian wolf, 435 
Tasmaniosaurus, 619R 
Tatabelodon, 645R 
Tataromys, 638L 
Tatera, 637R 
Tathiodon , 627R 
Tatu, 647R 
Tatusia, 647R 
Taucanamo, 640R 
Taunaspis, 597R 
Taurinichthys, 610L 
Taurocephalus, 623L 
Tawasaurus , 621 R 
T axidea, 634R 
Taxodon, 634R 
Taxotherium , 633L 
Taxymys, 635 R 
Tayassu, 512, 640R 
Tayassuidae, 512, 513, 640L 
Tayra , 481 
Tchoiria, 616R 
Technosaurus , 621 R 
Tectonic activity, 329 
Teeth. See also Dentition, 
Tooth 

bicuspid, 184 
bunodont, 5 10 
carnassial, 478, 479 
cladodont, 67 
diplodus, 67 
ever-growing, 451, 457, 
487, 545, 546 
multiple rooted, 388 
pedicellate, 181, 182 
Tegaspis , 596L 


Tegeolepidae, 60 1R 
Tegeolepis , 601 R 
Teiidae, 231, 617L 
Teilhardella , 630L 
Teilhardia , 645L 
Teilhardina, 470, 632R 
Teilhardosaurus, 618L 
Teinurosaurus, 621L 
Telanthropus , 633L 
Telecrex, 625L 
Teleidosaurus , 620L 
Teleobunomastodon , 645R 
Teleoceras , 532, 645 R 
Teleocrater, 620L 
Teleodus, 644R 
Teleolphus , 645 L 
Teleoptenna, 602L 
Teleorhinus , 620L 
Teleosauridae, 282, 6201. 
Teleosaurus, 282, 620L 
Teleostei, 112—135, 603R 
Telerpeton , 615L 
Telicomys, 638R 
Telmabates, 626R 
Telmalestes, 632L 
Telmasaurus, 618L 
Telmathenum , 644R 
Telmatocyon , 633L 
Telmatodon, 640R 
Telmatolestes, 632L 
Telmatornis, 626L, 626R 
Telmatosaurus, 618L, 622R 
Temeridae, 599R 
Temnoclemmys, 616L 
Temnocyon , 635L 
Temnodontosaurus, 622R 
Temnospondyli, 167-174, 
612R 

Temnospondyls, 167-174 
Temnotrionyx , 616L 
Temperature control: 
in dinosaurs, 324 
in edentates, 562 
in pelvcosaurs, 369 
Tempestia, 636R 
Temporal openings, 199—201, 
266 

Temporalis muscle, 381, 395, 
396, 490 

Tenontosaurus , 622L 
Ten-pounder, 117 
Tenrec, 448 
Tenrecidae, 63 1L 
Tenrecs, 460—462 
Tenrecoidea, 63 1L 
Tenrecomorpha, 461 
Tentacle of caecilians, 182 
Tenudomys , 636R 
Tenuicentrum, 608L 
Terasonostylops, 647L 
Terastylus , 63 8 R 
Teratodon, 63 3 L 
Teratornis, 626R 
Teratornithidae, 355, 626R 
Teratosaurus, 619R 
Terminonaris , 620L 
Terns, 354 
Terrapene, 616L 
Terrarboreus , 638L 
Terrestrisuchus, 620L 
Tersomius, 612R 
Tertrema, 613L 
Tertremoides, 613L 
Tesselodon, 645R 
Tesserae, 28, 34, 49, 56, 58 
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Tesseraspis, 596L 
Testouromys , 63 8L 
Testudinata, 615R 
Testudines, 207-214 
Testudinidae, 213, 616L 
Testudinoidea, 212, 213, 

616L 

Testudo, 6161R 
Tetheodus, 606R 
Tetheopis, 63 1R 
Tcthys Seaway, 453 
Tethytheria, 536, 629R 
Tetonius, 468, 470, 573, 574, 
632L 

Tetrabelodon , 645R 
Tetraceratops, 6231. 
Tetracerus, 643L 
Tetraclaenodon, 527—529, 
639R 

Tetraconodon , 640L 
Tetracynodon , 624L 
Tetragonias, 623L 
Tetragonolepis , 603 L 
Tetragonostylops, 647L 
Tetragonuridae, 61 1L 
Tetralophodon, 646L 
Tetrameryx, 642 L 
Tetraodon , 61 I R 
Tetraodontidae, 61 1R 
Tetraodontiformes, 130, 61 1L 
Tetraodontoidci, 6 11R 
Tetrapassalus, 648L 
Tetrapoda, 16 
Tetraprotodon, 640R 
Tetrapterus , 61 1L 
Tetras, 119 
Tetraselenodon, 64 1L 
Teutmanis, 64 8 L 
Teutonotalpa , 630R 
Texasophis, 618R 
Texoceros, 642L 
Thadanius, 647L 
Tbadeusaurus , 222, 265, 

616R 

Thalacomys, 628 R 
I'halarctos , 6351. 
Thalassemyidae, 616L 
Tbalassemys , 616L 
Tbalassictis, 633 R 
Tbalassocetus , 644 L 
Thalassochelys , 616L 
Thalassoleon, 484, 635L 
Thalassotnedon , 619L 
Thalattosauria, 220, 61 6R 
Thalattosauridae, 616R 
Thalattosaurus , 616R 
Thalattosiren, 646L 
Thalerimys , 63 8 L 
Tbaleroceros, 643 L 
Thallomys, 638L 
Thangorodrim , 63 9R 
Tharrias , 604L 
lb arsis, 106, 114, 604L 
Tbaumas , 599R 
Tbaumastocyon , 635 L 
Tbaumastognatbus , 640R 
Tbauntastotherium, 645R 
Tbaumatacantbus, 600R 
Thaumatolepis, 6 11 R 
Thaumaturus , 605 R 
Theatonius, 615L 
Thecachampsa , 620R 
Tbecadactylus , 617L 
Thecocoelurus, 62 1L 
Thecodontia, 268—277, 619R 


Tbecospondylus, 62 1L 
Thectodus, 598L 
Thelegnathus, 615L 
Thelodonti, 34, 35 
Thelodontida, 34, 5961. 
Thelodus, 35, 596L 
Thelolepis, 596L 
Tbelolepoides, 596L 
Tbelyodus, 5961. 

Tbelysia , 630R 
Theosodon , 549, 6471. 
Therailurus , 633R 
Therapomidae, 609L 
Therapsida, 362, 369—397, 
623L 

Theretairus, 616R 
Thereutherium, 633L 
Thcrezinosauridae, 621 L 
Tbereznwsaurus , 290, 62 1L 
Theria, 425, 627R 
Therians of metatherian- 

eutherian grade, 429, 
430, 627R 

Theridomyidae, 638L 
Theridomyoidea, 6381. 
Tberidomys, 638L 
Theriodictis , 634R 
Theriodontia, 376—397 
Tberiognathus , 623 R 
Tberioherpeton , 391, 6241, 
Tberiosucbus, 283, 620L 
Therocephalia, 377, 378, 
623R 

Theropithecus , 632R 
Theropleura , 622 R 
Theropoda, 289—297, 621 L 
Theropsis , 6241. 

Tberosaurus, 622R 
Thescelosaurus, 622L 
Thescelus , 615 R 
Thinobadistes , 648 L 
Thmochelys , 616L 
Thinocoridae, 626 L 
Tbinocyon , 633L 
Thinobyus , 640R 
Thinolestes, 63 2L 
Tbinosaurus, 6181. 

Thisbemys , 635R 
Thlaeodon , 628 L 
Thlattodus, 603 R 
Thoatherium , 549, 647L 
Tbolemys, 616L 
Tbolonotus, 602L 
Tbomasbuxleyia, 550, 551, 
646R 

Thomasia, 627R 
Tbo/nasinotus , 603R 
7 homomys, 636R 
Thoosucbus, 613L 
Tboraciliacus, 614R 
7 horacodus, 6011. 
Thoracopteridae, 602R 
Tboracopterus , 602R 
Tboracosaurus , 620 R 
Thoralodus , 600R 
Thorius , 585 
Tbos , 634R 
Thrausrnosaurus , 623 L 
Thresher shark, 76 
Thrinacodus, 600L 
Thrinaxodon, 381, 386, 392, 
394, 395, 396, 397, 
402, 407, 624L 
Thrissonotus, 602L 
Tbrissopater , 604R 


Thrissops, 1 15, 604L 
Thryonomyidae, 493, 638L 
Thryonomyoidea, 492, 493, 

63 8L 

Tbryonomys, 63 8 R 
Thryptacodon , 639R 
Thryptodontidae, 604L 
Thryptodus, 604L 
Thunnus , 610R 
Thursius , 145, 6 11R 
Thvellina , 599L 
Tbyestes , 596L 
Tbylacaelurus, 630L 
Thylacinidae, 628R 
Thylacinus, 434, 435, 628R 
Tbylacis, 628R 
Thylacodictis, 628 R 
Tbylacodoti, 628L 
Thylacoleo , 437, 629L 
Thylacoleonidae, 437, 629L 
Thylacomorpbus , 639R 
Thylacomyidae, 628R 
Tbylacomys , 628R 
Thylacosmilidae, 433, 434, 
628R 

Thylacosmilus, 434, 628R 
Thylacothenum, 6281. 
Tbylamys, 6281. 
Thylatheridium, 628L 
Thylax , 628R 
Thytogale, 629L 
Tbylophorops , 628L 
Tbymallus , 605 R 
Thynnicbtbys, 6061. 

Thynnus , 61 OR 
Tbyrobyrax, 646L 
Thyroid fenestra, 225, 244 
Thyrsites , 61 OR 
Thyrsitocepbalus, 610R 
Thyrsocles , 610R 
' Thysanolepis , 61 1R 
Tbytiodns, 646L 
Tiaraspis, 597L 
Tiarudontus , 598L 
Tibetodus , 603R 
Ticholeptus, 64 1L 
Ttchorhinus, 645R 
Tichvinskia, 615L 
Ticinosuchus, 272, 274, 619R 
Tidaeus, 628 R 
Tideus , 628R 
Tienfuchelys, 6161. 
Tienosucbus, 620R 
Tiensbanilophus, 639R 
Tienshanosaurus, 62 1 R 
Tiger shark, 76 
Tigisuchus , 623 R 
Tigricepbalus, 623R 
Tilapia , 610L 
Tilemsisucbus , 620L 
Tillodon , 458, 63 1L 
Tillodonta, 457-459, 63 1L 
Tillomys, 635R 
7 illotherium, 6311. 
Timanaspis, 596L 
Timanosteus, 597R 
Time resolution, 325, 326, 
571, 572 
Tinamidae, 624R 
Tinamiformes, 348, 624R 
Tinamisornis , 624R 
T itiamus, 624R 
Tinamous, 348 
Tinea, 606L 
Tinimomys , 632L 


Tinoceras, 63 1R 
Tinodon, 427, 627R 
Tinosaurus, 617L 
Tinuviel, 639R 
Tiphyocetus, 644L 
Tischleviella, 614R 
Tisistbenes , 634R 
Tissue rejection, 444 
Titanichthyidae, 597R 
Titanichthys, 51, 597R 
Titanis , 625 R 
Titanodectes, 644R 
Titanognathus, 623L 
Titanogomphodon , 6241, 
THanabyrax, 6461. 
Titanoideidac, 631R 
Titanoides , 459, 63 1R 
Titanomys , 6391. 

Titanophis, 61 8R 
Titanopboneus, 371, 372, 

623 L 

Titanopteryx , 62 1L 
Titanoris , 625R 
Titanosauridae, 302, 621 R 
Titanosaurus , 621 R 
Titanosuchia, 623L 
Titanosuchidae, 371, 372, 
623L 

Titanosucbus, 62.3L 
Titanotheriidae, 644R 
Titanotberiomys, 635R 
Titanotherium , 644R 
Tilanotylopus , 641 L 
Tityosteus, 5971. 

Toad fishes, 125 
Todaridae, 604R 
Todidae, 625L 
Todiltia, 6041, 

Tokosauridae, 613R 
Tnkosaurus, 613R 
Tollicbtbys, 597R 
Tolypaspis , 595R 
Tolypelepis , 31, 32, 595R 
Tolypeutes, 647R 
Tomaiosteus , 597L 
Tomarctus , 634R 
Tomcod, 124 
Tomistoma , 283, 620R 
Tomitbenum, 6321. 

Tomocyon, 63 4 R 
Tomodus, 600R, 625R 
Tomognathidae, 606R 
Tomognatbus , 606 R 
Tonaodus, 601 L 
Tongue protrusion, 181, 182 
Tompoichthys , 602L 
Tonsala , 626R 
Toombsosteus, 597L 
Tooth comb, 469, 470, 477, 
478 

Tooth formula, 407 
Tooth histology, 152, 489,490 
Tooth implantation: 
acrodont, 226 
ankylothccodont, 267 
od ichthyosaurs, 255 
pleurodont, 230 
thecodont, 264 
Tooth occlusion: 

in carnivorous cvnodonts, 
391 

in early mammals, 407, 

408, 413 

in herbivorous cynodonts, 
387, 388 
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Tooth occlusion (continued) 
in ornithischian dinosaurs, 
306-309 

in therian mammals, 429 
Tooth plates: 

Dipnoi, 148-152 
holocephalians, 79, 80 
Tooth replacement: 

in Chondrichthyes, 62, 63 
in cynodonts, 381 
in early mammals, 407 
in marsupials, 430 
in Osteichthyes, 62, 63, 85 
in proboscidians, 539 
in sirenians, 544 
Tooth whorl: 
parasymphysial, 146, 147 
symphysial, 69 
Tor etochn emus, 255, 622R 
Toribos , 643L 
Tornieria , 621R 
Toromeryx, 64 1R 
Torosaurus, 622R 
Torpedaspis , 595R 
Torpedinidae, 599R 
Torpedinoidea, 78, 599R 
Torpedo, 78 
Torpedo , 599R 
Torpedo rays, 78 
Torticornis , 643 L 
Tortoises, 213 
Torvosaurus, 62 1L 
Torynobelodon , 645R 
Toscanius, 633R 
Tossunnona, 643 L 
Tatanus, 626L 
Toxochelyidae, 616L 
Toxochelys, 616L 
Toxodon , 551, 646R 
Toxodontia, 550, 646R 
Toxodontidae, 646R 
Toxolophosaurus, 616R 
Toxoprion, 598L 
Toxotes , 609R 
Toxotherium , 645L 
Toxotidae, 609R 
Trabeculae, 22, 46, 141, 235 
Trabecular dentine, 152 
Trachelacanthus , 602L 
Tracbelosaurus, 619L 
Trachichthodes, 608L 
Trachichthyidae, 128, 608L 
Tracbichtyoides, 608L 
Trachinidae, 610L 
Trachinoidei, 610L 
Tracbmopsis, 610L 
Trachipteridae, 608R 
Trachipteroidei, 608R 
Tracbosteus, 597R 
Trachurus, 609R 
Trachyaspis, 615R 
Trachycalyptus, 647R 
Trachydosaurus, 617R 
Trachylepis, 596 L 
Trachymetopon , 612L 
Trachyrincus, 607R 
Trachystegos , 614L 
Trachytberus, 647L 
Tragetaphus , 643 L 
Tragocerus, 643L 
Tragoportax , 643L 
Tragoreas, 643 L 
Tragospira, 643 L 
Tragulidae, 517-519, 64 1R 
Tragulids, 5 1 0 


Tragulohyus , 643 L 
Traguloidea, 64 1R 
Tragulus, 641R 
Tramycastor, 638R 
Tranodis , 612L 
Transpithecus, 647L 
Transverse flange of pterygoid, 
194, 198 

Transverse septae, 17 
Trapezium, 410 
Trapezoid, 410 
Traquairaspididae, 595R 
Traquairaspis, 595R 
Traquairia, 60 1R 
Traquairichthys , 60 1R 
Traquairosteus, 596L 
Traversodon , 624L 
Traversodontidae, 387, 624L 
Trechomys, 638L 
Tree shrews, 450, 460, 477, 
586 

Tree sloths, 555, 557, 558, 
559 

Tregomys , 637R 
Tregopbis, 618R 
Tregosorex, 631L 
Tremacebus , 632R 
Tremacyllus, 647L 
Tremarctos, 635L 
Tremarctotberium, 635L 
Tremataspidae, 596L 
Tremataspids, 35, 36 
Tremataspis, 596L 
Tremfltina, 605L 
Trematochampsa, 620 L 
Trematochampsidae, 620L 
Trematops, 164, 612R 
Trematopsidae, 612R 
Trematosauridae, 613L 
Trematosauroidea, 173, 613L 
Trematosaurus , 613L 
Trematosteidae, 597R 
Trematosteus , 597R 
Trematosuchus, 613L 
Treposciurus , 63 8 L 
Tretosphys, 643 R 
Tretosternon, 615R 
Trewavasia, 603R 
Triacanthidae, 61 1L 
Triacanthodidae, 130, 61 1L 
Triacbodontoides, 624L 
Triacodon, 633L 
Triadobatracbus, 184, 185, 
614R 

Triakidae, 599L 
Triakis, 599L 
Trialestes, 620L 
Trialestia, 620L 
Trialestidae, 620L 
Trianaspis, 606R 
Triassochelys , 615R 
Triassolestes, 620L 
Triassurus, 614R 
Triazeugacantbus, 60 1R 
Tribolodon, 624L 
Tribosphenic molar, 426, 429 
Tricardia, 638R 
Tricentes, 507, 509, 639R 
Triceratops, 305, 622R 
Triceromeryx, 642L 
Trichasaurus, 623 L 
Trichechidae, 544, 545, 646L 
Trichechus, 543, 646L 
Tricbiuricbthys, 607R 
Trichiuridae, 610R 


Tricbiurides, 610R 
Tricbiurus, 610R 
Trichodontidae, 610L 
Trichomycteridae, 606R 
Trichonotidae, 610L 
Tricbopbanes, 607 L 
Trichosurus , 629L 
Tricburus, 629L 
Trichleidus, 619L 
Triclis, 629L 
Tricoelodus , 647L 
Triconodon, 417, 627L 
Triconodonta, 420, 627L 
Triconodontidae, 416, 417, 
627L 

Tricuspes, 624L 
Tricuspiodon, 639R 
Tricuspiodontidae, 639R 
Tricuspisaurus, 619L 
Tridensaspidae, 596L 
Tridensaspis , 596L 
Trigeminal nerve, 38, 185, 
403 

Trigenodus, 599R 
Trigla, 608R 
Triglidae, 608R 
Triglochis, 599L 
Trigloides, 608R 
Triglypbus, 624L 
Trigodon, 646R 
Trigon, 426 
Trigonias, 531, 645 R 
Trigonictis , 634R 
Trigonid, 426 
Trigonodus, 599L, 600R 
Trigonomys , 636L 
Trigonostylopidae, 647L 
Trigonostylopoidea, 553, 554 
Trigonostylops , 647L 
Trihecaton, 614L 
Trihecatontidae, 614L 
Triisodon, 63 9R 
Triisodontinae, 503, 504, 521 
Trilobites, 60 1L 
Trilopbodon , 645 R 
Trilophodontidae, 645R 
Trilopbomys , 637R 
Trilophosauria, 619L 
Trilophosauridae, 264, 266, 
267, 61 9L 

Trilophosaurus, 251, 253, 
267, 281, 619L 
Trimerorhachidae, 170, 612R 
Trimerorbacbis, 612R 
Trimerorhachoidea, 612R 
Trimerostephanos , 646R 
Trimucrodon, 621 R 
Trimylus , 63 1L 
Trinacromerum, 619L 
Trinitichelys, 615R 
Trinititherium, 628L 
Triodon, 61 1 R 
Triodontidae, 61 1R 
Trionychidae, 213, 615R 
Trionychoidea, 212—214, 

' 615R 

Trionyx, 213, 597L, 616L 
Trioracodon , 627L 
Triosseal canal, 333, 342 
Tripelta, 602R 
Triplopterus, 61 1R 
Triplopus, 645 L 
Triportbeus, 605R 
Tripterus, 61 1R 
Tripterygiidae, 61 OR 


Tripterygion, 61 OR 
Tripus, 120 

Trirachodon, 395, 396, 624L 
Trirachodontidae, 624L 
Triscbizoldgus, 639L 
Trissolepis, 601 R 
Tristichopterus, 61 1R 
Tristycbius, 72, 73, 74, 598L 
Tritemnodon, 633L 
Tritheledon, 624L 
Tritheledontia, 391, 392 
Tritheledontidae, 624 L 
Tritogenius, 614L 
Tritomegas, 614L 
Triton, 614R 
Tritubercular molar, 426 
Trituberculata, 627R 
Triturus , 614R 
Tritylodon, 624L 
Tritylodontia, 388, 389, 396, 
397, 414 

Tritylodontidae, 624L 
Tritylodontoidea, 624L 
Tritylodontoideus, 624L 
Tritylodonts, 321 
Trocharion, 634R 
Trocbictis, 634R 
Trochili, 625L 
Trochilidae, 351, 625L 
Trochlear process, 211, 212 
Trocbotberium, 634R 
Trogolemus, 632R 
Trogon, 625L 
Trogonidae, 351, 625L 
Trogoniformes, 351, 625L 
Trogonophidae, 234, 617R 
Trogonophis, 234 
Trogontherium, 636L 
Trogosus, 457, 458, 63 1L 
Troodon , 62 1L 
Trophoblast, 444, 445 
Tropidemys, 616L 
Tropidosteus, 597L 
Tropidostoma , 623 R 
Tropidotus, 598R 
Tropsodon, 629L 
Trossulus, 606R 
Trout, 119 
Trout “perch”, 125 
Trucheosaurus , 613L 
Trucifelis , 634L 
True vipers, 237 
Trumpetfish, 127 
Trygon, 600L 
Trygonidae, 600L 
Trygonorrhina , 599R 
Tsaganius, 630R 
Tsaganomyidae, 63 8 L 
Tsaganomys, 638L 
Tsaidamotherium, 643 L 
Tsaotanemys , 615R 
Tseajaia, 198, 613R 
Tseajaiidae, 176, 613R 
Tseajaiids, 198 
Tselfatia, 128, 604L 
Tselfatiidae, 604L 
Tshelkaria , 648L 
Tshelkariidae, 648L 
Tsinlingomys, 638L 
Tsintaosaurus, 622L 
Tsmanichoria, 646R 
Tubantia, 608L 
Tuberous organs, in Teleosts, 
137 

Tubonasus, 597L 
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Tubulacatithus, 600R 
Tubulidentata, 450, 544—547, 
646R 

Tubulodon, 648L 
Tuditanidae, 614L 
Tuditanomorpha, 179, 614L 
Tuditanus, 164, 179, 198, 
6141. 

Tugrigbaatar, 627R 
Tugulusaurus, 62 1L 
Tulerpeton, 613R 
Tuna, 129 
Tungurictis, 633 R 
Tungusichthys, 603 R 
Tunicates, 19 
Tunita, 61 OR 
Tuojiangosaurus, 622L 
Tupaia, 410, 445, 448, 630L 
Tupaiidae, 485, 630L 
T upaiodon, 630R 
Tupilakosaurus, 613L 
Tupinambis , 617R 
Turahbuglossus , 611L 
Turbina! bones, 402 
Turfanosucbus , 619R 
Turinea, 596L 
Turima, 596L 
Turiniidae, 596L 
Turio, 610R 
Turkanatherium , 645R 
Turkeys, 350 
Turkomys , 637R 
Turnicidae, 625L 
Turnix, 625 L 
Turseodus , 602L 
Tursio, 643R 
Tursiops , 643R 
Turtles, 203, 207-214, 328 
Tuvaspis, 596L 
Tuxeraspis, 595 R 
Tydeus, 606R 
Tylerichtbys , 610R 
Tylocepbale, 622L 
Tylocephalonyx, 645L 
Tylopoda, 510, 514-516, 
640R 

Tylosaurus, 232, 61 8L 
Tylo triton , 614R 
Tylototriton, 614R 
Tympanic annulus, 181, 395 
Tympanic membrane, 170, 
203, 204, 209, 228, 
384, 385 

Tympanoneisiotes, 626R 
Tymphlonectidae, 614L 
Typhlopidae, 236, 618L 
Typhlops, 618L 
Typodus , 603R 
Typothericulus, 647L 
Typotberiopsis , 64 7L 
Typotheroidea, 550, 551, 
646R 

Typotheroidia, 646R 
Typothorax, 273, 619R 
Tyrannosauridae, 296, 621L 
Tyrannosaurus, 275, 294, 
296, 297, 621L 
Tyriaspis, 596L 
T yrrbenicola, 637R 
Tyto, 625L 
Tytonidae, 625L 
Tyttbaena, 633L 

Uarbyichthyidae, 603R 
Uarbyichthys, 603R 


Udabnopitkecus, 633L 
Ugandax, 643 L 
Uintacolotherium , 63 1R 
Uintacyon , 633R 
Uintamastix, 63 1R 
Uintanius, 632R 
Uintasaurus, 62 1R 
Uintasorex, 632L 
Uintatheriidae, 563, 63 1R 
Uinta theres, 459, 460 
Uintatherium, 63 1R 
Uintornis, 625L 
Ulausuodon, 640R 
Ulemosaurus , 623 L 
Ultrapithercus, 646R 
Ulutitaspis, 595R 
Umbra, 605L 
Umbridae, 119, 605L 
Umbrina , 609R 
Unarkaspis, 595R 
Unciform, 410 
Undina, 612L 
Ungaromys, 63 7R 
Uniserium, 624L 
Untermannerix, 630R 
Unuchinia, 630L 
Upupa, 625R 
Upupidae, 351R 
Uraeus, 603 R 
Uralokannemeyeria, 623R 
Uraniacanthus, 601R 
Uranocentrodon, 613L 
Uranolophidae, 612L 
Uranolopbus, 148, 150—152, 
612L 

Uranoplosus, 603R 
Uranoscopidae, 610L 
Urenchelyidae, 604R 
Urenchelys, 604R 
Urmiatherium, 643L 
Urochordates, 19 
Urocles, 603R 
Uroconger, 604R 
Urocordylidae, 614L 
Urocordylus, 178, 614L 
Urocyon, 634R 
Urodela, 153, 180-182, 185, 
186, 614L 
Urolepis, 6021. 

Urolophidae, 600L 
Urolophus, 600L 
Uromastyx, 617L. 
Uronemidae, 612L 
Uronemus, 612L 
Uroneurals, 105 
Uropeltidae, 237, 6T8R 
Urophycis, 607R 
Uropteryx, 602L 
Urosaurus , 617L 
Urosphen, 608R 
Urostyle, 181 
Urotherium, 647R 
Urotrichus, 630R 
Ursavus, 482, 635L 
Ursidae, 480, 481, 482, 635L 
Ursinus, 628R 
Ursitaxus , 634L 
Ursulus, 635 L 
Ursus, 635L 
Urtinotherium, 645L 
Uruguaysuchidae, 620L 
Uruguaysuchus, 620L 
Urumqia, 613R 
Ustatochoerus, 64 1L 
Uta, 617L 


Utaetus , 555, 556, 647R 
Utahia, 63 2R 
Utatsusauridac, 622R 
Utatsusaurus, 252-256, 622R 
Utegenia, 613R 
Utemylus, 639R 

Valdosaurus, 622L 
Valenictis, 63 5 R 
Valenticarbo, 626R 
Valermys , 638L 
Vampyravus, 63 1R 
Varanidae, 232, 618L 
Varanodon, 622 R 
Varanoidea, 232—236, 618L 
Varanops, 622R 
Varanopseidae, 367, 368, 

622 R 

V aranosaurus, 623L 
Varanus, 225, 232, 61 8L 
Varasichthys, 604L 
Varicorhinus , 606L 
Variodens, 619L 
Vassacyon, 633R 
Vassallia , 647R 
Vasseuromys, 63 6R 
Vaticinodus , 600 R 
Vectisaurus, 622L 
Vectisuchus, 620L 
Veliferidae, 608 L 
Veliferoidei, 608L 
Velum, 38, 46 
Velocipes, 621L 
Velociraptor , 62 1L 
Venaticosuchus, 275, 619R 
Venjukovia, 373, 623 L 
Venjukoviamorpha, 373, 623L 
Venjukoviidae, 623L 
Ventalepis , 61 1R 
Ventral cranial fissure, 87, 92, 
93, 103, 141, 160 
Venustodus, 600L, 600 R 
Veragromovia, 645L 
Vermilingua, 554, 559, 648L 
V ernicomacanthus, 60 1L 
Vernonaspis, 595 R 
V eronanguilla , 604R 
Vertebral centra: 
amphicoelous, 222 
of labyrinthodonrs, 159, 
167, 168 

of lepospondyls, 176-180 
of lungfish, 15 1 
of neoselachians, 74 
opistocoelous, 292 
procoelous, 230, 283 
of rhipidistians, 143-145, 
159 

Vespertiliavus, 63 1R 
Vespertilio, 464, 632L 
Vespertilionidae, 63 1R 
Vespertilionoidea, 63 1R 
Vesperugo, 632L 
Veterilepus, 63 9L 
Vibrissae, 41 1 

Victoriapithecus, 472, 632R 
Victorlemoinea, 647L 
Vicugna, 64 1L 
Vidalamia, 603 R 
Viejadjidaumo, 636R 
Vieraella, 181, 614R 
Vinayakia, 6341. 

Vinceria , 6231. 

Vinciguerria, 606R 
Vinctifer , 603R 


Vipera, 61 8R 
Viperfishes, 121 
Viperidac, 237, 618R 
Viperinae, 237 
Vipers, 237 
Viretailurus , 63 4L 
Viretius, 63 5 L 
Viridomys, 627R 
Visceral arch skeleton. See 
also Hvoid apparatus, 
22, 39,' 42, 94 
Visbnucobus, 643 L 
V isbnucyon, 635L 
Vishnufelis, 634L 
Vishnuictis, 63 3 R 
Vishnuonyx, 634R 
Vishnutherium , 642L 
Vitalia, 615L 
Viverra, 481, 633 R 
Viverravidae, 479, 480, 633R 
Viverravus , 633R 
Vtverricula, 633R 
Viverridae, 480-482, 633 R 
Vjushkovia, 619R 
Vjushkovisaurus, 619R 
Voigtiella, 614R 
Volcichthys , 606R 
Voles, 492 
Volgasaurus, 613L 
Volgasucbus, 6 1 3 L. 

Volitantia , 629R 
Volkheimeria. 62 1R 
Voltaconger, 604R 
Vombatidae, 629L 
Vombatoidea, 436, 438, 439, 
629L 

Vombatus , 629 L 
Vomer , 609R 
Vomeropsis, 609R 
V orator, 61 1L 
Vormela, 634R 
Vulcanisciurus, 636L 
Vulcanodon, 298, 300, 621R 
Vulpavoides, 639R 
Vulpavus, 481, 63 3 R 
Vulpecula, 599L 
Vulpes, 634R 
Vultur, 626R 
Vultures, 350 
Vulturidae, 355, 626R 


Wabularoo, 629L 
Wadeichthys, 604L 
Wadiasaurus, 623 R 
Wainka, 6471. 

Wakaleo , 437, 629L 
Wakamatba, 628R 
Wakiewakie, 629L 
Walangania, 64 1R 
Walgettosucbus, 621 R 
Wallabia, 629L 
Wallabies, 437 
Walruses, 483 
W alterosteus, 597R 
Wangisuchus, 619R 
Wangogale, 635R 
Wannangosuchus, 620R 
Wannanosaurus, 622L 
Wannotherium, 646L 
Wantzosaurus, 169, 61 3L 
Washakus, 632R 
Water moccasins, 237 
Watongia, 623L 
Watsonia, 603 R 
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Watsonichthys, 60 1 R 
Watsoniella, 624L 
Watsonosteus, 597L 
Watsonulus, 102, 108, 603R 
Wawelia , 615L 
Weberian ossicles, 120 
Weejasperaspididae, 596R 
Weciasperaspis, 596R 
Wcigeitistdchus, 620R 
Weigeltaspis , 595R 
Weigeltisaurus, 616R 
Weileria, 608L 
Wellelodott , 636L 
Wellesaurus, 613L 
Weltcldorifa , 60 1L 
Westollia, 602L 
Wetherellns, 61 OR 
Wetlugasaurus, 6 1 3 L 
Wkaitsia, 623R 
Whaitsiidae, 623R 
Whale shark, 76 
Whalchead stork, 354 
Wbeathillaspis , 597R 
Wbitapodus, 604R 
White fish, 119 
Whiteia, 6121, 

Whiteichtbys, 60 1R 
Whiting, 125 
Wijeaspis , 596R 
Williamsaspidae, 597L 
Williamsaspis, 597L 
W ilsoneumys, 637R 
W ilsonosorex , 63 1L 
Wimania , 612L 
Wimanornis, 627L 
Wincanta , 616L 
W infieldia, 622R 
Wisslerins, 605L 
Witaaspis , 596L 
Wobhegong shark, 76 
Wodntka, 598L 
Wolterstorffiella, 614R 
Wombats, 436, 439 
W ombatula, 629L 
Wonambi, 618R 
Wood hoopoes, 351 
Woodomys, 638L 
Woodtbropea, 603L 
Woodivardichthys, 609R 
Woodwardiella, 61 OR 
Woodwardosteus, 597L 
Woolungasaurus, 619L 
Wooly mammoth, 539 
Wooly rhinoceros, 532 
Worlandia, 630L 
Wortmania, 63 1R 
Woutersia , 426, 627R 
Woutersophis, 618R 
Wudinolepts , 597R 
Wuerhosanrus, 622L 
Wurnosaurus, 620L 
Wuttagoonaspidae, 597L 
Wuttagoonaspina, 597L 
Wuttagoonaspis , 597L 
Wynyardia , 439, 629L 
Wynyardiidae, 629 L 
Wyolestes, 643 L 


Xanclomys , 627R 
Xantusia , 617L 
Xantusiidae, 231, 617L 
Xenacanthi, 598R 
Xenacanthida, 598R 
Xcnacanthidae, 598R 
Xenacanthini, 598R 
Xenacanthus, 65, 68, 598R 
Xenacodon, 630R 
Xenalopex, 634R 
Xenarthra, 450, 554-559, 
647R 

Xenastrapotherium, 647L 
Xencibis , 626L 
Xenestes, 602L 
Xenicohippus, 644R 
Xenictis, 634R 
Xenocephalidae, 610L 
Xenochelys , 615R 
Xenocbirus, 629L 
Xenochoerns, 640L 
Xenocongidae, 604R 
Xenocranium, 648L 
Xenocyon, 634R 
Xcnocypris, 606L 
Xenodelpbis, 628L, 628R 
Xenodernichtbys, 605R 
Xenodontomys, 638 R 
Xenodus , 600R 
Xenoglyptodon , 647R 
Xenohyaena, 633R 
Xenohystrix, 638L 
Xenolamia, 599L 
Xenopeltidae, 237, 618R 
Xenopholis , 603R 
Xennphyus , 640L 
Xenopteri, 607L 
Xenopus, 614R 
Xenorophus, 644L 
Xenosauridac, 617R 
Xenostephanus, 646 R 
Xenosuchus, 620R 
Xenotherium, 648L 
Xenothrissa, 605 L 
Xenotbrix, 632R 
Xcnungulata, 459, 553, 647L 
Xenurus, 647 R 
Xeonpithecus, 633L 
Xeroscapheus , 630R 
Xerus, 63 6L 
Xesmodon, 647L 
Xestias, 61 1L 
Xestops, 61 7R 
Xilousuchits, 61 9R 
Xittjiangmeryx, 641R 
Xinyuictis, 63 3 L 
Xiphactinus, 114, 604L 
Xipbias, 6 1 1 L 
Xiphiidae, 61 1L 
Xiphiorhynchus, 6111, 
Xiphodon, 64 1L 
Xiphodontidae, 516, 64 1L 
Xipbopterus, 61 1L 
Xiphostomatidae, 605R 
Xipbotrygus , 600L 
Xironomys , 627R 
Xotodon, 646R 


Xuanhanosaurus, 62 1L 
Xylacanthns , 601 R 
Xy«e, 605 L 
Xyophorus, 648 L 
Xyrinus, 605L 
Xyrospondyhis, 623 L 
Xystracanthus, 600R 
Xystrodus, 598R 


Yabeinosanrus, 617L 
Yaleosaurus , 62 1R 
Yamanius , 632R 
Y angchuanosanrus , 62 1L 
Yantanglestes, 6431. 
Yatkolamys , 637R 
Yaverlandia , 311, 622L 
Yaxartermys, 61 6L 
Yindirtemys, 63 8 L 
Yoderimys , 636R 
Yoglinia, 5961. 

Y otiodus, 612L 
Youngifiber, 636L 
Youngma , 221, 242, 265, 
266, 6I6R 

Younginidae, 241, 616R 
Younginoidca, 221 
Youngoides, 616R 
Youngolepis, 146, 148, 149, 
6 1 1R 

Youngopsis , 616R 
Youngornts, 626L 
Y sengrinia, 635L 
Yuelophns, 639R 
Yukonaspis, 595R 
Yumaceras, 64 1R 
Yunnanacanthus, 597R 
Yunnanodon, 624L 
Yunnanugaleaspis, 59 6 L 
Yumianolepis, 597R 
Yunnanosaurus , 62 1R 
Youdun, 639R 
Youmys, 63 8L 
Yuzhoupltosaurus, 619L 

Zaedyus, 647R 
Zaglossus , 420, 627L 
Zaisanamynodon , 645R 
Zaissanurus , 6141. 
Zalambdalestes , 445, 454, 
461, 485, 629R 
Zalambdalestidae, 629R 
Zalambdodonta, 63 1L 
Zalambdodonty, 461, 462 
Zalarges , 606R 
Zambiasaurus, 623 R 
Zamolxifiber, 63 6 L 
Z.anclus, 130 
Zanclites , 604L 
Zangerlia, 615R 
Zaniolepidae, 608R 
ZantecliteSy 607R 
Zanycteris, 632L 
Zaphleges, 61 OR 
Zapblegus , 61 OR 
Zapbrissa, 614R 


Zapodidae, 492, 636R 
Zaproridae, 610L 
Z apus, 63 7 L 
Zara/a, 642L 
Zarcasaurns, 616R 
Zarhacbis , 643R 
Zascinaspis, 595R 
Zatracheidae, 612R 
Zatrachys, 612R 
Zaucbus, 6 1 OR 
Zebras, 535 
Zebrastoma , 61 OR 
Zeidae, 6081. 

Zeiformes, 127, 608L 
Zelceina , 631L 
Zelosis, 607R 
Zelotes, 607R 
Zelotichtbys, 607R 
Zelotomys, 63 8L 
Zeltornis , 626 L 
Zemigrammatus, 608 R 
Zenaspis, 596L 
Zenderella, 63 8 L 
Zenopsis, 608L 
Zenus, 608L 
Zephyrosaurus , 6221. 
Zetamys, 637R 
Z eitchthiscus, 602R 
Zeuctherium , 64 8 L 
Zeuglodon , 643 L 
Zeuglodontidae, 643L 
Zhongjianoletes, 645L 
Zhonguanns , 626L 
Zhyraornis, 624R 
Zhyraornithidae, 624 R 
Ziamys, 636R 
Zignoichthys, 61 1L 
Zinjantbropus, 633L 
Ziphiidae, 643R 
Zipbiodelpbis, 643R 
Ziphioidea, 525 
Zipbioides, 643R 
Zipbirostrum , 643R 
Ziphodont, 283 
Zizbongosaurus, 62 1R 
Zoarcidae, 610L 
Zoarcoidei, 610L 
Zodiolestes, 634R 
Zonuridae, 617R 
Zopherosucbus, 623L 
Zorillodontops, 624L 
Zoropsetta , 61 1L 
Z ororhombus, 61 1L 
Zramys, 637R 
Zygaena, 599R 
Zygantrum, 234 
Zygubatis, 600L 
Zygodactylidae, 625L 
Z ygodactylus, 625L 
Zygodactylus foot structure 
350, 352 
Z ygolestes, 628L 
Zygolophodnn , 646L 
Zygomaturus, 62 9L 
Zygorhiza, 524, 643L 
Zygosaurus , 612R 
Zygosphene, 234 



